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1.1 Research Background 
 
1.1.1 Heat Engine 
 
 A heat engine is known as a mechanical system that uses thermal energy came from combustion and 
changes it into mechanical energy. An easy definition is that, a heat engine changes thermal energy into 
mechanical energy that can help us in daily life. A heat engine can be defined as external combustion 
engines and internal combustion engines by the method of heating the working fluid. An internal 
combustion engine gets the energy directly using heat energy generated by the combustion in the interior 
of the working fluid. On the other hand, an external heat engine is a heat engine where an 
(internal) working fluid is heated by combustion in an external source, through the engine wall or a heat 
exchanger. The fluid then, by expanding and acting on the mechanism of the engine, produces motion and 
usable work. The fluid is then cooled, compressed and reused (closed cycle), or (less commonly) dumped, 
and cool fluid pulled in (open cycle air engine). The advantages of an internal combustion engine are; 
 
・Good thermal efficiency because of less heat loss.  
・Engine system light and small. 
・Least cost if it is not high output engine like power plant engine that uses internal combustion 
engine. 
On the other hand, the advantages of external combustion engines are; 
・Not good in thermal efficiency compared to the internal combustion engine.   
・Widely used for high output engine such as power plant, and solar thermal rocket( externally heated 
rocket). 
・Fuels in any kind of state (solid, liquid, gas) can be used and this can reduce the fuel cost [1]． 
 
Table1-1 shows classifications and usage of both internal and external combustion engines [2]． 
 
                Table1.1 Classification of Thermo-motor 
Working liquid 
pressurizing method 
Exchange 
method 
Representatives examples Main use examples 
External Combustion 
engine 
Volume type Steam engine, Stirling Engine Steam vehicles 
Speed type Steam turbine Generator, large vessels 
Internal combustion 
engine 
Volume type Otto Cycle and Diesel Engine Cars and ships 
Speed type Gas Turbine and Jet Engine Ships and Aircraft 
  
1.1.2 History of Internal Combustion Engine 
 
 More than 120 years ago, Nicolaus Otto has been succeeded in making internal combustion engine into 
reality. Since 20th Century, internal combustion engines have been widely produced.  
 Research on Internal Combustion Engine has been improved up until 1970’s. However, as oil shock 
happens and pollutions problems came ahead, the research has moved on mainly towards engine efficiency 
and environmental friendly. This trend doesn’t stop up until now and rule on exhaust gas has been more 
strict years by years. However, CO2 has caused global warming problem and depletion of petroleum 
throughout the world has been critically until now. 
 These days gasoline engines and diesel engine has been widely used as an internal combustion engines. 
However, these two engines have disadvantages and one of the solutions is Homogeneous Charge 
Compression Ignition engine or known as HCCI engine. Research on HCCI engine has increased up until 
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now. However nowadays, most engine researchers did not consider developing pure HCCI engine. Instead 
of that, they tend to develop a gasoline engine or a diesel engine that can be operated in HCCI mode. 
Below is the classification of internal combustion engine with fuel injection system and ignition system 
in table 1.2. 
 
Table1.2 Classification of Reciprocated Engine 
 Fuel Injection 
system 
Ignition system Consumption 
rate  
Exhaust 
Gasoline Engine Pre-injection Spark ignition    ×  ○ 
Diesel Engine Direct injection Charge 
Compression 
   ○  × 
HCCI Mode 
Engine 
Pre-Injection Charge 
Compression 
   ○  △ 
 
 
Engines based on the four-stroke ("Otto cycle") have one power stroke for every four strokes (up-
down-up-down) and employ spark plug ignition. Combustion occurs rapidly, and during combustion the 
volume varies little ("constant volume"). They are used in cars, larger boats, some motorcycles, and 
many light aircraft. They are generally quieter, more efficient, and larger than their two-stroke 
counterparts. 
The steps involved here are: 
1. Intake stroke: Air and vaporized fuel are drawn in. 
2. Compression stroke: Fuel vapor and air are compressed and ignited. 
3. Ignition: Fuel combusts and piston is pushed downwards. 
4. Exhaust stroke: Exhaust is driven out. During the 1st, 2nd, and 4th stroke the piston is relying 
on power and the momentum generated by the other pistons. In that case, a four-cylinder engine 
would be less smooth than a six- or eight-cylinder engine in condition of total displacement are 
same. 
 
 A PV diagram of the Otto cycle is shown in Fig.1-1, the theoretical thermal efficiency is given as follows 
[3]; 
 
   
1
1
1



 th   (κ：Specific heat ratio，ε：Compression ratio)       (1-1) 
 
 For homogeneous air-fuel mixture, to obtain a significant change in specific heat ratio is difficult as for 
as air-fuel mixture is used as the working fluid. Gasoline fuel for instance has combustion limit of air-fuel 
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ratio around，10～18 and because of knocking limit, upper limit of compression ratio is around 9～12.5. 
Here, the air fuel ratio (A/F) is the ratio of air mass to fuel mass while the equivalence ratio is fuel air ratio 
divided by stoichiometric fuel air ratio. Further, in low load range, it is necessary to decrease air intake 
through a throttle valve. Because of this, minus work due to pumping loss happens during air intake, 
lowering indicated thermal efficiency of the otto cycle engine and this is a major cause of worse fuel 
consumption of this kind of engine. To overcome these problems, Lean Burn Engine which can achieved 
air fuel ratio more than 30 has been realized [4,5]. This type of engine can prevent from knocking and it 
is close to diesel engine in term of fuel consumption. Direct Inject Gasoline Engine [6], and Miller cycle 
are examples of various technology that has been produced to improve pumping loss [7]. 
 
Fig. 1-1 P-V curve of Otto-cycle and diesel-cycle. 
 
 On the other hand, regardless of the power load to the engine, a diesel engine has no intake throttle. Air 
is introduced to the cylinder at full load and the fuel is injected at around the end of compression stroke. 
The high pressure and temperature leads the fuel to ignite. Below is the equation of theoretical thermal 
efficiency for diesel cycle, th ; 
 
 1
1
1
1 


 




th     (
3
4


  ：Constant Pressure Expansion Ratio)     (1-2) 
 
 Because of the diesel cycle is very near to the air cycle, specific heat ratio is higher than that of 
stoichiometric mixture. Moreover, the high pressure ratio (ε=18～23) makes the thermal efficiency higher. 
However, the air-fuel mixture is inhomogeneous, in which the mixture is over concentrated in the center 
of fuel injection. The consequent, production of soot and NOx is the serious problem of diesel engine. As 
the countermeasures, using optimum fuel, delaying the injection timing, and exhaust gas recirculation 
(EGR) are performed. The delayed injection and EGR reduce combustion temperature, and EGR reduces 
oxygen concentration which lead to lower NOx production [8,9] . The NOx and soot regulation has been 
finally achieved by developing after-treatment techniques of the exhaust gas applicable to diesel engines, 
in this decade, although the cost is higher than that for gasoline engines [10]. 
 
 
 
 
Otto cycle diesel cycle
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1.1.3 HCCI Engine 
 
  HCCI has characteristics of the two most popular forms of combustion used in SI (spark ignition) 
engines- homogeneous charge spark ignition (gasoline engines) and CI engines: stratified charge 
compression ignition (diesel engines). As in homogeneous charge spark ignition, the fuel and oxidizer are 
mixed together. However, rather than using an electric discharge to ignite a portion of the mixture, the 
density and temperature of the mixture are raised by compression until the entire mixture reacts 
spontaneously. Stratified charge compression ignition also relies on temperature and density increase 
resulting from compression, but combustion occurs at the boundary of fuel-air mixing, caused by an 
injection event, to initiate combustion. 
The defining characteristic of HCCI is that the ignition occurs at several places at a time which makes the 
fuel/air mixture burn nearly simultaneously. There is no direct initiator of combustion. This makes the 
process inherently challenging to control. However, with advances in microprocessors and a physical 
understanding of the ignition process, HCCI can be controlled to achieve gasoline engine-like emissions 
along with diesel engine-like efficiency. In fact, HCCI engines have been shown to achieve extremely low 
levels of Nitrogen oxide emissions (NOx) without an after-treatment catalytic converter. The unburned 
hydrocarbon and carbon monoxide emissions are still high (due to lower peak temperatures), as in gasoline 
engines, and must still be treated to meet automotive emission regulations. 
Recent research has shown that the use of two fuels with different reactivity (such as gasoline and diesel) 
can help solve some of the difficulties of controlling HCCI ignition and burn rates. RCCI or Reactivity 
Controlled Compression Ignition has been demonstrated to provide highly efficient, low emissions 
operation over wide load and speed ranges 
 
Advantages 
 HCCI provides up to a 30-percent fuel savings, while meeting current emissions standards. 
 Since HCCI engines are fuel-lean, they can operate at a Diesel-like compression ratios (>15), thus 
achieving higher efficiencies than conventional spark-ignited gasoline engines. 
 Homogeneous mixing of fuel and air leads to cleaner combustion and lower emissions. Actually, 
because peak temperatures are significantly lower than in typical spark ignited engines, NOx levels 
are almost negligible. Additionally, the premixed lean mixture does not produce soot. 
 HCCI engines can operate on gasoline, diesel fuel, and most alternative fuels. 
 In regards to gasoline engines, the omission of throttle losses improves HCCI efficiency.  
Disadvantages 
 High in-cylinder peak pressures may cause damage to the engine. 
 High heat release and pressure rise rates contribute to engine wear. 
 The auto ignition event is difficult to control, unlike the ignition event in spark ignition (SI) 
and diesel engines which are controlled by spark plugs and in-cylinder fuel injectors, respectively.  
 HCCI engines have a small power range, constrained at low loads by lean flammability limits and 
high loads by in-cylinder pressure restrictions.  
 Carbon monoxide (CO) and hydrocarbon (HC) pre-catalyst emissions are higher than a typical spark 
ignition engine, caused by incomplete oxidation (due to the rapid combustion event and low in-
cylinder temperatures) and trapped crevice gases, respectively.  
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1.2 Process of compression ignition in hydrocarbon fuels 
 
1.2.1 Reaction mechanism of compression ignition 
 
  The oxidation of normal heptane (nC7H16) has already been the subject of many experimental and 
modeling studies [11-43]. Nonetheless, most of the studies were carried out under high-temperature 
oxidation (typically above 800K), but very few to the low-temperature oxidation of n-heptane, especially 
regarding the characterization of oxygenated reaction products [23, 24, 26-28]. Fig.1-2 shows in-cylinder 
pressure, heat generation and temperature profiles for HCCI engine with n-heptane as a fuel. From the 
figure, generally there are two-stage of heat generation from ignition mechanism of hydrocarbons. 
Relatively, around 700K there is small heat generation called “Cool Ignition” while around 1000K, there 
is a large heat generation as main combustion flame called “Hot Ignition”. This Hot ignition is mainly 
influenced by the Cool Ignition.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1-2  Observed pressure(a)， temperature (b) and rate of heat release (c) in n-heptane fueled HCCI 
engine.(φ= 0.43，intake gas temperature = 413K) 
 
 According to Westbrook, hydrogen peroxide reaction as shown below, has big influence in hot flame 
oxidation reaction [49].  
 
   H2O2 + M = 2OH + M                                    (1-3) 
 
 Moreover, from Ando et al. suggested that there is H2O2 loop reaction that dominates hot ignition in the 
region between hot and cool ignition called “Region for Heat ignition preparation reaction”. This H2O2 
loop reaction helps the heat generation as shown in Fig. 1-3 [50].  
  
The overall reaction of H2O2 loop reaction is, 
    
   2HCHO + O2 → 2H2O + 2CO +473KJ                             (1-4) 
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Not H2O2, HCHO is consumed and all of the reactions in the entire loop has a large heat and has an 
important role in the hot ignition preparation region.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1-3 H2O2 loop reaction effective in the hot ignition preparation period. 
 
Below indicates the reaction pathways for hot flame oxidation.  
 
   RH + OH → C+ H2O                                   (1-5) 
      R(+M) → H, CH3 + Q(olefin etc.)                              (1-6) 
      H + O2 → OH + O                                        (1-7) 
   O + RH → OH + R                                 (1-8) 
   H + O2(+M) → HO2(+M)                               (1-9) 
 
 From loop (1-5) until (1-8) is a proliferative reaction of OH, reaction rate for chain branching reaction 
is rate-limited by (1-7) and stops at reaction (1-9). Here, k7 as the reaction rate constant for reaction (1-7) 
must win reaction rate constant k9 [M] as the prerequisite to achieve hot ignition. Although k7 has 
significance temperature dependence, while not in k9, k9[M] is dependent on the total pressure. Therefore, 
conditions for hot flame are determined by temperature and pressure. 
     Heat generation for low temperature oxidation and thermal ignition preparation period has significant 
influence to the time when the temperature reach for the occurrence of hot flame. Therefore, it is essential 
to understand thus control the reactions that dominates in the region of low temperature oxidation due to 
its significance towards hot flame. Fig.1-3 shows schematic diagram of the low temperature oxidation 
reaction in hydrocarbon fuel. 
H 2 O 2 
OH 
HCHO 
HCO 
O 2 
CO 
HO 2 
H 2 O 2 
- 216 kJ 
+122 kJ 
+139 kJ 
+168 kJ 
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Fig. 1-3 General Oxidation Scheme for hydrocarbon at low and high 
 
  
Apparently, Hydrogen Peroxide produced by thermal decomposition. This reaction generates 2 OH 
radicals in low temperature oxidation that leads to fuel consumption thus leads to hot flame. On the other 
hand, the fuel follows a complex reaction pathways is highly dependent on the fuel structure in the low 
temperature oxidation. In general, Hydrocarbon fuel (RH) in the low temperature range (R) of cool flame 
firstly react with an oxygen molecule O2 and a H atom is abstracted to generate Alkyl radicals (R). 
  
   RH + O2,H, OH → R + HO2 , H2 , H2O                            (1-10) 
 
Then, O2 is added to R which is generated in the process of generating Alkyl Peroxyl Radical (ROO). 
  
   R + O2(+M) ⇔ ROO(+M)                                                  (1-11) 
 
 And also, R undergoes a β-scission by carbon atom coupled (C-C) being thermally decomposed 
resulting Alkyl radical Rs that has C atoms fewer than alkenes (R1=R2) and R being generated.  
 
   R → R1=R2 + Rs                                     (1-12) 
 
 However, to achieve reaction (1-12), hydrocarbon is equal or greater than 850K [51]. If less than that, 
energy is not enough for this reaction and because of that, in the early period of low temperature oxidation, 
(1-11) is mainly occurs.  
 There are many reactions that responsible in generating ROO but, the most important reaction in radical 
chain reaction in the stage before ignition is the reaction of hydroperoxyl alkyl radical that generates an 
internal isomerization reaction. In this reaction O atom as a radical center pulled out H atom in the 
molecule. 
  
   ROO ⇔ ROOH                                      (1-13) 
 
 At this time, the H atom abstraction occurs via cyclic structure. Hydrocarbon structure in which the 
reactions take place via 6-membered ring structure is most likely to occur, followed by 7-membered ring 
and 5-membered ring structure. 
  
RH R・ ROO・ ・ROOH
OOROOH
OROOH
+・ORO
+OH、H
OH OH+
OH
+O2
+O2
・RO
+
+O2
olefin
High T
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 4 reactions below are the main reactions for ROOH. 
 
   ROOH → RO + OH                                (1-14) 
   ROOH → olefine + HO2                               (1-15) 
   ROOH → olefine + Carbonyl + OH                           (1-16) 
   ROOH + O2 ⇔ OOROOH                                                  (1-17) 
 
 In the atmosphere of excess oxygen, second O2 addition is most likely to occur to ROOH molecule. 
Thereafter, reactions that generate Hydroperoxyl Alkyl Peroxyl Radical OOROOH are, 
  
   OOROOH → OROOH + OH                                         (1-18) 
   OROOH → ORO + OH                                    (1-19) 
 
 From these reactions, 2 or more active OH has been generated. Generated OH causes a series of low 
temperature oxidation reaction by reacting with the fuel again. In this way, reaction that produces 
plurality of reactive molecules from the reaction of one active molecule is called “Chain Branching 
Reaction” and Low temperature Oxidation became active because of this reaction. From this chain 
reaction, temperature increase, as been expressed by reaction (1-14) and (1-16), one active molecule 
being consume while another being reproduce as called chain propagation reaction gradually become 
dominant. Moreover, reverse reaction in (1-11), by means ROO being decomposed and R being 
reproduced again as in (1-13). This kind of reaction most likely to occur [52], so-called chain termination 
reaction that does not produce reactive molecules leads to higher branching ratio. From this, temperature 
has risen up and negative reaction is suppressed and called negative temperature coefficient: NTC) 
moreover, when the temperature risen, makes the change in composition in low temperature oxidation 
that leads to high temperature oxidation.  
 Because of the problems in operating range and controlling ignition timing in HCCI engine, lately 
researchers began to pursue their studies from the chemical reaction inside this kind of engine. Although 
certain level of results has been acquired, results on low temperature oxidation is hardly known. 
 
 
 1.2.2 Research on Cool Flame inside HCCI Engine 
  
In order to control ignition timing for HCCI engine, study on reactions taking place in cool flame is 
very important. This is due to the importance of chemical reactions in low temperature oxidation for 
hydrocarbons triggers auto-ignition phenomena for diesel and homogeneous charge compression ignition 
(HCCI) engines [58]. 
 From Yamada et al., with DME has been used as a fuel in HCCI Engine with hot flame suppressed 
condition, gas analysis experiments have been done. From the results, show that DME fuel consumption 
in cool flame regardless of the equivalence ratio, relative production rate to the amount of HCHO fuel 
input is constant. Fig.1-4 shows graph result from Fourier Transform Infra-Red (FT-IR) from Otomo et al. 
The result shows same conclusion with Yamada et al. [59].  
 Below is simplified reaction mechanism for DME in hot flame suppressed condition. 
 
   DME + OH → αOH + βHCHO + other                                (1-20) 
   HCHO + OH → HCO + H2O                                 (1-21) 
  
These two expressions are the summarized version from (R.1-8) until (R.1-17) in term of OH group 
consumption and regeneration. In cool flame, DME reacts with OH radical reactant, through various 
reactions, and OH radical been reproduce, then produce a product such HCHO. Within the equation,α and 
β each acts as reaction rate constant and primary temperature function, with depending on pressure and 
10 
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oxygen concentration. At the early stage of low temperature oxidation, α value exceeds 1 makes reaction 
grows reactant OH that leads to an accelerated reaction. Then, temperature risen makes α value decrease, 
in addition HCHO accumulated as the trend of branching ratio goes to (R.1-19). Because of that, overall 
amount of OH production rate decrease, and at certain temperature low temperature oxidation stops. It has 
been found that HCHO as an intermediate product produced in low temperature oxidation plays an 
important role as reaction suppression.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1-3 Fraction relative to initial DME concentration as a function of equivalence ratio. (a)Consumed 
DME， (b)HCHO， (c)HCOOH， (d)HCOOCH3， (e)CO， (f)CO2.  Intake gas temperature = 373K 
 
 In addition, the experimental results done by Sakanashi et al. using Laser-Induced Fluorescence Method 
(LIF) in-cylinder engine by concentration measurement for the time variation of HCHO shows that HCHO 
is generated by the cool flame and being consumed by hot flame. The result is shown in Fig. 1-5 [60].  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1-5 Crank angle resolved profile of HCHO mole fraction. Equivalence ratio = 0.25， intake gas 
temperature = 480K 
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According to Chung et al., when methanol and natural gas being added to DME, both of these gas has 
been the cause of ignition in HCCI combustion and proven to be DME’s low temperature oxidation 
reaction suppression throughout experimental results. Between these two gases, methanol has been proven 
to have more effect of suppression compared to natural gas [61]. 
 
From Huang et al., 0 dimensional HCCI engine combustion model analysis has been done using n-
heptane as a fuel. It showed that in low temperature oxidation reaction in order to achieve high temperature 
oxidation, the accumulation of H2O2 is very important for OH radical production. In addition, if the 
production of H2O2 is insufficient in low temperature oxidation, condition of misfire can be easily 
happened [62]. 
 
Moreover, according to Yoshii et al., development of high speed open-close pulse valve being used to 
get direct sampling in the cylinder method and measuring chemical species time to time in the cylinder by 
mass spectrometer have been succeeded [63]. This the method of which collecting gas for each angle if 
each nine rank in the cylinder and able to obtain time profile of a various chemical species by using a mass 
spectrometer. More than that, from the differences data of valve opening time, we can differentiate, and 
discriminates dead volume and boundary volume effects to get data of core volume inside the cylinder. 
Furthermore, by adding the gas directly to the mass spectrometer, made it possible to make measurements 
in a very short time, and H2O2 measurements analysis that has been too difficult until now becomes 
possible.  
 
Time-resolved sampling method that has been done by Kasai et al, experimentally revealed the effect of 
adding methanol (CH3OH) into DME, and also adding Ozone (O3) into DME fuel [64]. Furthermore, Kasai 
et al also achieved in obtaining data result for low temperature oxidation fuel consumption and HCHO 
production time profiles by using n-heptane fuel that is very much near to the practical use fuel, Octane 
based fuel (Primary Reference Fuel: PRF). About H2O2, in the case of DME, because of the product is 
less, same mass of O2 isotope in atmosphere makes different effect is large. By considering the ratio of its 
existence, time profile of H2O2 production can be obtained (Fig. 1-5), and experimental and simulation 
result shows almost same result.  
 
From this method of time-resolved measurements technique, composition of cool flame when achieving 
hot flame can be shown same with exhaust gas composition when hot flame is generated. However, since 
the measurement is performed in the mass spectrometer, materials with close mass number value are hard 
to be identified such as CO, HCOOH as predicted intermediate products. Therefore, exhaust gas analysis 
method has been used to evaluate intermediate products in low temperature oxidation reaction. Compared 
to the time-resolved measurement method, this method has no limit on such as the number of mass, and 
can be evaluated more qualitative and quantitative exhaust components. However, getting generation 
profile for each products that have short period existence are difficult. 
 
 According to Leppaed et al, exhaust gas analysis was done by using GC (Gas Chromatography) to CRF 
Engine and Parrafin against Olefin’s C4, C5,C6, considering the formation of the intermediate product 
and the consumption of each fuel against compression ratio show that each Paraffin and Olefin has 
different reaction pathway [77].  
 
 Also report from Miyashita et al, FT-IR gas analysis for HCCI engine with hot flame suppressed 
condition shows that not only PRF0 (n-heptane), but also 2 dimensional fuel, PRF50 (n-heptane 50%, iso-
octane 50%) found that iso-butene iC4H8 as unique product from iso-octane. As an Olefin, it is one of the 
product of -scission of hydrocarbon radicals, but C2H4 is specific to straight chain alkane like n-heptane. 
Iso-octane, as a branched alkane, preferably produces C3-C4 olefins including isobutene [80]. 
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Another report from Kosaki et al, existence of Benzyldehyde C6H5CHO was confirmed in n-
heptane+toluene fuel (NTF) after a procedure eliminating superimposed absorption of other aldehydes 
from raw FT-IR spectrum [65]． 
 
1.2.3 Modeling Low Temperature Oxidation 
 
 The first modeling studies of the oxidation of n-heptane were carried out in the late 1970s and in the 1980s 
by Coats and Williams [34] (high temperature oxidation only), and by Westbrook et al. [35, 36]. In 1989, 
Westbrook et al. [36] proposed the first detailed kinetic model accounting for the low and high temperature 
oxidation of n-heptane. Since then, several low and high temperature of this species has been introduced 
[37-43]. In this study, it is aimed to construct simplified model summarizing chain reaction of low 
temperature oxidation happens in n-heptane (base fuel) added with toluene/ iso-octane (sub fuel) in which 
OH reproduction and fuel + OH reaction plays important role. 
 
1.3 Research Objectives 
 
In this research, we aimed to further clarify the contrast between iso-octane and toluene on the effect 
to n-heptane through the composition during hot ignition suppressed condition. Relevant chemical kinetic 
mechanisms are discussed with a simplified model constructed with a consideration of the property of 
chain reaction. Finally the ignition behavior changing with the fuel mixing ratio is reproduced by non-
dimensional and 3-dimensional numerical simulations by using CHEMKIN PRO and FORTE, 
respectively the essential mechanism affecting the ignition property of n-heptane is discussed by 
developing a simplified model reproducing the experimental results.  
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Second Chapter 
Methodologies 
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2.1 Experimental Apparatus 
 
 Diagram of experimental apparatus that has been used in this research shown in Fig. 2-1.．A single 
cylinder, 4 cycle engine (displacement 541 cm3, compression ratio 8.0) is externally driven by an electric 
motor for constant speed operation regardless of internal power generation, where the standard speed is 
600 rpm. Liquid fuel is injected into the intake port, evaporated and mixed with preheated air to form 
combustible mixture gas. Crank angle resolved cylinder pressure is measured by a mounted pressure gauge 
and recorded at every crank angle degree indicated by a rotary encoder.  
A part of exhaust gas is introduced in an optical cell of 3 m path length at the pressure of 10 kPa, and the 
chemical composition is analyzed by a Fourier transform infrared spectrometer (FT-IR, Shimadzu IR 
Prestige-21). Tubing to the cell is heated to 70～80℃ to avoid condensation by ribbon heater installed 
along the sample line. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2-1 Experimental apparatus 
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 2.1.1 Engine System 
 
 VARICOMP Engine 
 
   Table 2-1 shows the specifications of the engine used in this study. As called by the name VARICOMP 
engine, which is stand for variable compression engine, compression ratio can be change in the range of 
4.0 to 17.5. By raising or lowering the engine head and cylinder, fixed by hydraulic pressure, clearance 
volume in combustion chamber of VARICOMP can be fixed. In this study we fixed the compression ratio 
to 8. 
 
Table 2-1 shows the specifications of the engine used in this study.  
Model System 4 stroke gasoline/diesel engine  
Valve mechanism Overhead cam 
Cooling system Water cooling system 
Bore 90(mm) 
Stroke 85(mm) 
Connection rod ratio 3.41 
Emissions 541 cc 
Number of cylinder Single cylinder 
Compression ratio Variable 4:1～17.5:1 
 
 Originally, vertical displacement sensor was installed to the engine head to sense displacement into head 
engine, but because of insufficient in the resolution, height gauge was installed onto the head of cylinder 
to measure the vertical displacement and decide the compression ratio. For compression ratio at 8, the 
height gauge measurement was 12.148mm. 
 
 
Fig. 2-2 position engine head (H`) for compression ratio change 
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In this case, when engine head situated at the lowest point, compression ratio is calculated as 17.5, we 
can determine the position of engine head at each of the compression ratio value. As shown in Fig. 2-3, 
in-cylinder clearance volume is Vc ，swept volume is Vd, and compression ratio is ε, following equation 
is given, 
c
dc
V
VV 
  
Then, when the position of cylinder head is lowest, by means compression ratio of 17.5, clearance volume 
V0 (cc) ，Bore piston of B (cm)，cylinder head displacement of H (cm)，equation of compression ratio 
over H is given below. 
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Fig.2-4 shows graph of relation between compression ratio and the position of cylinder head from 
calculation  
 
 
Fig. 2-3 Element of the VARICOMP Engine 
 
 
 
 
 
B=bore
L=stroke
l=connecting road length
a=crank radius
θ =crank angle
Vc=clearance volume
Vd=swept volume 
L
B
TC
BC
l
a
s
θ
Vc
Vd
H
B = bore 
L = stroke 
l = connecting rod length 
a = crank radius 
θ = crank angle  
Vc = clearance volume 
Vd = swept volume 
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Fig. 2-4 Correlation between compression ratio and head position. 
 
2.1.2 Intake Air System 
 
Hot-wire flow meter are attached to measure intake air onto the VARICOMP. However due to the 
instability of the display of engine speed at 600 rpm, sufficient accuracy to determine the equivalence ratio 
cannot be obtained. Therefore, more accurate mass flow meter (manufactured by Yamatake Co., MCF015, 
flow range: 0 ~ 500L/min) is installed, and further, in order to smooth the intake flow rate, surge tank with 
the drums was made.  
 
In order to obtain a stable ignition, intake air heater installed before intake port, heated by the heater 
to control the intake air temperature. Essentially, to achieve compression ignition, preheating is required. 
In addition, it is necessary to promote vaporization of liquid fuel in the intake port. Note that, intercooler 
used in automobiles being wrapped with ribbon heater makes intake air heater, while thermocouple 
installed onto the intake port measures intake air temperature, transformer was used to control voltage, 
and heated by 3 ribbon heater (100V-150W×2, 100V-200W). Right now, to make intake air temperature 
to 130℃, 125V of voltage is needed. Because of that, in the future, ribbon heater need to be improved to 
get higher intake air temperature with low voltage.  
 
2.1.3 Fuel Supply 
 
Liquid fuel is inserted inside tank gas that can be pressurized. Then, N2 gas was used to pressurize the 
fuel and injected to the intake port by injector. Injector is controlled by Micro-Computer got from Fuji 
Heavy Industries by controlling injector timing and injector valve opening period. Range for valve opening 
period is 1500μs～6500μs. In order to mix vaporized fuel and intake air, injection timing take the output 
from rotary encoder right after intake valve is closed at BTDC 115°. 
 
Flow test with parameters set as shown in table 2-2 was done to make sure injector working properly. 
This test was performed by pressurize the fuel tank by N2 gas to 5 gauge pressure. Below are the results 
for the test: 
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Table 2-2 Flow test parameters 
Fuel type n-Heptane 
Rotation value 600rpm 
Injection duration 3 minutes 
Pressure 5atm 
 
Table 2-3  Flow test with 5 atm gauge 
Injection Duration (μｓ) 1st try 2nd try Average Injection quantity (g/cycle) 
1510 0 0 0 0 
2000 0.239 0.213 0.226 0.000226 
2500 1.9249 1.8844 1.90465 0.001905 
3000 2.8663 2.9702 2.91825 0.002918 
3500 3.6759 3.6088 3.64235 0.003642 
4000 3.9945 4.0562 4.02535 0.004025 
4500 5.2985 5.3949 5.3467 0.005347 
5000 6.3536 6.3596 6.3566 0.006357 
5500 7.2121 7.1982 7.20515 0.007205 
6000 8.2094 8.1771 8.19325 0.008193 
6500 8.9793 9.3005 9.1399 0.00914 
 
 
Fig.2-5 Injection quantity as a function of valve open duration by n-Heptane (5atm). 
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Fig.2-6 Comparison of injection quantity as a function of valve open duration for 2012 and 2015. 
 
Problems that we had solved from the test when compared the result with data result from 2012 as 
shown in Fig. 2-6 are that, all data from 1600-6500μs for 5atm can be taken except 1510μs during the test 
compared with previous data that 1500-3000μs data cannot be taken. 
The reason why there were no data for 1500-3000μs for 2012 was that, there were no pulses being sent 
to the injector from the injection controller or the pulses were too fast and small to be read by the injector. 
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2.2 Experimental procedure 
 
2.2.1 Engine System 
 
VARICOMP Engine  
1. Turn on (Fig. 2-11) PC measurement diagram acupressure. 
2. Turn injector controller, flow meter, the rotary encoder. * 1 
3. Flowing cooling water for the engine body.  
4. Adjust the position of the cylinder head, to determine the compression ratio by using a height 
gauge. Secure the cylinder over (at least 2.0Mpa) pressure. * 2 
5. Turn on the motor, set the number of revolutions in the auto regulator. * 3 
6. Launched combustion analysis software to display the diagram acupressure. * 4 
7. Heated up to 130 ℃ intake air by adjusting the ribbon heater controller. 
8. Sample line is heated to 70 ℃. 
9. Intake air is heated sufficiently to set the valve opening time of the injector with the injector 
controller Fig. 2-16, to supply the required amount of fuel. * 5 
10. If you do the experiment under conditions that occur only cool flame, collecting exhaust diagram 
acupressure and acquisition * 6 
11. Adjust the ribbon heater base on intake temperature reading to maintain the intake temperature. 
When generating the flame heat graphs, measure pressure to obtain the diagram when the 
combustion is stable. 
12. Stop the fuel supply, the heating of the intake air of the experimental data acquisition is finished. 
13. Make sure the intake air temperature has been cooled down enough to stop the motor. 
14. Solve the hydraulic cylinder fixing. 
15. Stop the cooling water temperature of the cooling water, the temperature of the engine body is 
normal. 
16. Turn off the controller, flow meter, rotary encoder, the body VARICOMP 
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Fig. 2-11 Power supply of personal computer 
 
*1 Turn injector controller, flow meter, the rotary encoder 
 
Fig 2-12 Injector controller, ribbon heater controller, flow meter power supply and temperature reader 
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*2 Insert the bar, and manually put the pressure 2.0MPa and above，and fix the cylinder head. 
 
Fig. 2-13 Cylinder fixed unit 
 
*3 By switching on the auto regulator, the motor will start rotating and speed adjustment are done by 
adjusting the knob to the right or left.  
 
 
Fig. 2-14 Speed control unit 
 
*4 Indicated diagram is shown details in 2.2.3 of Indicated Diagram Measurements Procedure. 
  
Insert the bar 
switch 
Speed knob 
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*5 Fig.2-16 shows Injector Controller. Injection period can be adjust by using Injection Period 
Adjustment Dial. Then, by switching on the injector switch, injection will start. From the flow test 
results, injection period will be set to match desired equivalent ratio for the experiment.  
 
 
 
 
Fig. 2-16 Injector controller 
*6 Details for exhaust gas extraction are shown in 2.2.2 on Measurement of exhaust system line 
VARICOMP sample. 
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2.2.2 Sample Line System 
 
Fig.2-17 Diagram for sample line (VARICOMP) 
 
 
Fig.2-18 Sample line (VARICOMP)  
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Fig 2-19 FTIR machine inside chamber 
 
 
Fig 2-20 IR solution screen panel 
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Preparation of standard sample procedure (for example, 10% sample) 
  
1. Make sure that valve number 9 is closed, and then turn on the rotary pump. 
2. In order to avoid condensation of exhaust components, the sample is heated to about 70 ℃ ribbon 
heater line by adjusting the transformer. 
3. In the order of 10, 8, and 3 valve is open and then, to some extent sample line and gas reservoir is 
vacuumed (0.10Torr).After that, close 8 and open 2. N2 is filled around 200Torr~400Torr.  
4. To trap impurities, glass tube trap is cooled with liquid nitrogen.  
5. Close 2, Open 8, then, sample line and gas reservoir being vacuumed until 0.01 Torr maximum. 
6. Close 3 and open 4. In order to fill sample gas to the tube and line, open valve number 4 for about 
1~3 minutes (in the case of liquid sample in room temperature).  
7. After that, close 4, and then vacuum the line, and open 3. 
8. Close 8 and slowly open 4, and fill sample to the gas reservoir until the pressure shows 10Torr.  
9. After that, close 4 and 3, open 8 and again vacuum the line. 
10. Close 8 and slowly open 2. When the pressure becomes 10~20Torr, open 3 and fill N2 into the gas 
reservoir until the pressure shown 100Torr. 
11. Then, close 2 and 3, open 8, and vacuum the line. 
12. In order to thoroughly mix the samples that has been prepared, allow it to mix for 24 hours or more. 
13. After sample line being vacuumed thoroughly, close 8 valve. 
14. Extract liquid nitrogen from the trap by pumping the vacuum until ice inside the trap is melt.  
15. After the ice is melted, stop the vacuum pump, open valve number 9. After the valve is open for 
normal air to enter, valve number 9, and 10 is close orderly and stop the pump. 
Notes： 
・ In the case to produce sample gas, either by producing 1/10 sample gas, or directly Bombay gas 
can be connected. 
・ In order to condense such as CH3OH easily, it is necessary to put frozen pack inside the trap. 
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Measurement of exhaust VARICOMP line (for example: 0.1atm) 
 
1. To trap impurities, trap glass tube is cooled by liquid nitrogen. 
2. Switch on the rotary pump. 
3. To avoid condensation of exhaust components, adjust the transformer and sample line is heated to 
plus minus 70℃ by ribbon heater.  
4. In the order of 10，8，7, and 6, open the valve to clean sample line and gas cell by N2 before being 
vacuumed.（Pressure limit must be less than 0.03 torr）  
5. Close valve 6, and open it after background is measured by FT-IR.  
6. Open 12, and let the exhaust gas flow inside the gas pipe for over 1 minute.  
7. Close 7, and 12, and then slowly open valve 11, when the pressure becomes 10~20Torr, open valve 
7, close valve 8, and fill the exhaust gas into the gas cell for over than 76Torr (around 80Torr). 
8. Close valve 11, while the temperature of the exhaust gas drops, the pressure also decreased. After 
the pressure stabilized (around 3 minutes),Open valve 8 and suck until the pressure becomes 
76Torr.  
9. Close valve 8，and 6, and start measuring by FT-IR. 
10. After the measurements finished, suck the gas cell until it becomes vacuum. 
11. When the pressure is around 0.10 Torr，wash gas cell with filling N2 into the cell and again suck 
the gas until it becomes vacuum. 
12. When repeating the measurements, repeats instructions 6～11. 
13. After all experiments are finished, wash the cell with N2. 
14. To prevent from impurities inside normal air entering the cell, the pressure inside the cell must be 
kept close to the degree of 1.1atm above atmospheric pressure, and close valve 6. 
15. Close valve 8 after sucking all the gas in the line enough. 
16. Extract liquid nitrogen from the trap by pumping the vacuum until ice inside the trap is melt. 
17. After the ice is melted, stop the vacuum pump, open valve number 9. After the valve is open for 
normal air to enter, valve number 9, and 10 is close orderly and stop the pump. 
Note： 
Since the impurities are likely to enter exhaust gas line between 11 and 13, it is advised to heat it by 
ribbon heater and keep vacuumed. 
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Synthesis and purification of HCHO 
 
1. Vacuum the line to the pressure of 0.03Torr, and degrades Paraldehyde:C6H12O3 by oil bathing and 
heated up to 140℃. 
2. Vaporized gas is collected in a glass tube, and to vaporize the HCHO, put it inside liquid nitrogen (-
195.8℃). Although H2，CO，are considered as one of impurities, it is not condensed together. 
3. This time, put the condensed glass tube into -100℃ of methanol and only HCHO being vaporized. 
4. Vaporized HCHO gas then being collected by glass tube, and being condensed by putting it into liquid 
nitrogen. 
5. After being condensed two times, HCHO being heated to the temperature of -80℃ plus minus and 
collected by sublimate gas reservoir bottle. 
 
Note： 
  ・ Because of HCHO is easy to polymerize, it is preserved in the digit of Torr. 
 
Instructions of FT-IR (IR-Prestage) 
 
1. Switch on FT-IR. 
2. Launch IRsolution software in the computer. 
3. Select the measurement menu. 
4. Lift the gas cell, and select initialization menu to initialize. 
5. While lifting the gas cell, select automatic adjustment (fine adjustment) to adjust. 
6. Make sure gas cell in vacuum conditioned (below 0.03 Torr and washed with N2). 
7. Set the gas cell, and make background measurement. 
8. Exhaust gas or sample gas is inserted into the gas cell until around 80Torr of pressure. 
9. When the pressure is stabilized, suck the gas by rotary pump until 76Torr. 
10. Start sample measurement. 
11. Move the cursor to the data measured in the left panel and choose export. 
12. Change the format to[.txt] and save the file. 
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2.2.3 Digital pressure diagram measurements procedure.  
 
1. Switch on the PC and click on ECP-Diesel Software at desktop screen. 
2. Set up parameter setting according to varicomp engine parameter. 
3. Make sure to do Top Dead Center, TDC Correction before any measurements. 
4. Measure real-time pressure by clicking monitor save. 
5. Calculate raw measurement data and save it to the folder. 
6. Either export directly to .csv file, or directly analyze the measured data through the software are 
possible. 
   
 
Fig. 2-21 Desktop Screen shows ECP-Diesel Icon. 
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Fig. 2-22 TDC Correction Window. 
 
 
Fig. 2-23 Parameter Setup Window 
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Fig. 2-24 Monitor Window 
 
 
Fig. 2-25 Sample Measured Data Result 
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2.2.4 Adjusting the optical path of the gas cell（3m gas cell manufactured by Shimadzu 206-6744-
01）. 
 
1. Turn on the FT-IR. 
2. Launch IRSolution software in the computer. 
3. Perform initialization in the order of automatic fine tuning. 
4. Loosen the screws that secure mirror in gas cell A and B, then placed to the FT-IR and adjust mirror 
A so that you can see 9 spots as in Fig. 2-21. 
5. Adjust the light emitted from gas cell to goes into the center of the ring in FT-IR detector, and adjust 
the angle of mirror B.  
6. Remove the gas cell, decide the file name, and then run Background measurement. 
7. Place gas cell and start the sample measurement. 
8. Adjust angle for A, and B mirror, change the position of 9 spots, and repeat step 8. 
9. Find the MAX of transmittance T%, and start the adjustment (Fig.2-20). 
10. Tighten the screws to secure mirror A, and B. 
11. To make sure optical path length, make sample measurements with same sample concentration for 
10cm cell and 3m cell. In 3m cell, 30 times of absorbance from 10cm cell can be observed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2-20 Transmittance of 3m gass cell 
Notes： 
・ Gas cell in Fig. 2-22 is in vacuum condition. 
・ In step 3, make sure gas cell is not place in FT-IR. (Gas cell can possibly shift optical axis of FT-IR) 
・ When tighten the screw in step 11, there is possibility of shifting the angle of the mirror. So, make 
sure to check back T%. 
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Fig. 2-21 Reflection spots of 3m gas cell 
 
 
Fig. 2-22 3m gas cell(SHIMADZU 206-66744-01) 
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2.3 Maintenance and precautions 
  
 When using the experimental apparatus over a long period of time, such as due to residual gas or oil, 
dirt and abrasion in experimental apparatus may result different experimental conditions. So, it is 
necessary to perform maintenance on a regular basis.  
  
2.3.1 VARICOMP  Engine 
 
1. Check oil level of the engine oil daily and replaced periodically. If you make frequent experiment, 
replace once within 3~6 months. 
2. In order to prevent deposition of impurities in the cooling unit. Coolant Filter must be replaced when 
it becomes dirty. 
3. Amount of oil in decelerator machine in the engine must be check daily and change periodically 
(20,000 hours or 4~5 years; Refer to Instruction Manual 3-1)  
4. Because of unburned oil and engine oil accumulated in muffler and exhaust bellow (iron), it must be 
cleaned regularly. Change also exhaust below and gasket as shown in (Appendix photo Fig. 8). If the 
experiments are done frequently, change it within 1~3 months of usage. 
 
 
2.3.2 FT-IR 
 
1. The material of beam splitter in FT-IR is easy to dissolve in the water. So that, machine must be 
dehumidified constantly. To solve this, dehumidified machine must be put together with FT-IR and 
switch on constantly. Then put silicone gel is put inside dried unit and change regularly. (Refer to 
Instruction Manual 1-13) 
2. To manage the temperature and humidity, cover for FT-IR is produced. After that, silicone gel and 
water removal agent is put together with it. However, in high humidity season such in summer time, 
dehumidifier machine is used and to rise up the temperature inside the cover, heat fan is used to give 
hot wind that can provide heat dissipation.  
3. When the color of silicone gel is changed, frying pan is used to heat it up and get rid of the water 
within it. This step to reuse the silicone gel several times rather than use it only one time.  
4. If there is a power outage, remove the beam splitter, and put it in a desiccators. 
5. Desiccators are using silicone gel to dehumidified beam splitter. Because of that, it is necessary to 
check the silicone gel and replaced it as soon as possible when the color is changed.  
6. Make sure to clamp first when transports an equipment. (Refer to Instruction Manual 3-4) 
 
 
 
2.3.3 Sample Line 
 
1. Inspect the leakage in sample line because of experiments regularly. (Leakage is considered if 0.2 
Torr rise per minute) 
2. In order to prevent from difficulties in vacuum process at engine side, all 13 valves of the sample line 
must be cleaned or change regularly. 
3. Regularly, sample line must be heated up to 80℃, and suck up to vacuum state by rotary pump to 
remove condensation within the pipe line.  
4. When handling the sample line, make sure pressure in upstream side is not lower than downstream 
side. ( In order to avoid backflow of oil from the pump) 
5. Regularly inspect the rotary pump oil, replenish and replace it if necessary.  
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2.4 Specific parts of the experimental apparatus 
 
VARICOMP Engine 
 
Engine 
Model: 4 Stroke gasoline/diesel engine 
Valve Mechanism: Overhead Cam  
Cooling System: Water cooling system 
Emissions: 541 cc 
Number of cylinder: Single cylinder 
Compression ratio: Variable 4:1～17.5:1 
Engine oil: SEA 10W-100 (for diesel engine) 
 
Drive Motor 
Manufacturer: Nippon Densan Shinpo Corporation 
Model: JEC-2137-2000 
Output: 2.2[KW] 4poles 
Rotation speed: 1710rpm(200V 60Hz) 
 
Decelerator  
Manufacturer: Nippon Densan Shinpo Co. Ltd. 
Model: RXMR-2200-2A 
Rotation speed: 8.34～833(50Hz) 
             10～1000rpm(60Hz) 
Oil: For traction drive TD OIL 10 
     
 
ONEWAY Clutch 
Manufacturer: Tsubaki Emerson 
Model: MG-300 
Maximum Torque: 314N・m 
Maximum idling speed: Outer ring 900rpm 
           Inner ring 2800rpm 
 
 
 
 
 
Meter for air management 
Manufacturer: Yamatake Co. Ltd. 
Model: MCF015 
Flow range: 0～500[L/min] 
Accuracy: ±3％ 
Power supply voltage: DC24V 
Output: 4～20mA 
  
Rotary Encoder 
Manufacturer: MTL Co. Ltd. 
Model: MEH-60 
Power supply voltage: DC5～12V 
Detection method: Inclemental 
Allowable maximum rotation speed 
(mechanically): 1000rpm 
 
Flow meter power 
Manufacturer: TAKASAGO 
Model: GP050-2 
 
Controller power 
Manufacturer: KIKUSUI 
Model: PMC35 
 
Dehumidifier 
Manufacturer: SHARP 
Model: CV-T100C-W 
Fixed frequency: 50/60Hz 
Fixed electric power: 270/320[w] 
 
Thermocouple 
Manufacturer: Sakaguchi Electrothermal 
Model: T35105H 
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2.5 Initial calculation conditions in engine calculation 
 
 In order to compare with the results of experiments, same condition of variable volume in CHEMKIN 
PRO is required. Therefore, IC Engine model was chosen to make a calculation. Following, are the 
calculation for NTF60 with equivalence ratio of Φ=0.5, with same parameters in VARICOMP Engine. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2-23 Reactor Physical Properties of CHEMKIN-PRO 
 
Fill up all the data for desired fuel composition including mole fraction corresponding to the equivalence 
ratio and choose whether to analyze the reaction pathway, or run calculation and process solution data by 
excel or directly by the software. 
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Fig.2-24 Reactant Fraction of CHEMKIN-PRO 
 
This section describes how to perform the calculation with CHEMKIN PRO by using IC Engine model; 
 
1. Launch the CHEMKIN-PRO. 
2. Choose IC Engine Model from Input Models Menu. 
3. Open the Pre-Processing, select the Edit Chemistry Set in the Chemistry Set. 
4. Input to the Gas-Phase kinetics Files for more information about the reaction mechanism of fuel that 
want to be calculated.  
5. Also input thermodynamics data into Thermodynamics Data File. Fig.2-25 shows the interface for 
Gas-Phase kinetics Files, and Thermodynamics Date File input.  
6. Set the parameters same as been used in VARICOMP Engine. 
7. Input mole fraction of the fuel corresponding to the equivalence ratio. 
8. Run calculation. 
9. Select method analysis whether to Plot result or Analyze Reaction Pathway. As shown in Fig. 2-26. 
10. If run calculation, select parameters that need to process and choose excel to post process as shown 
in Fig. 2-27, if not the interface will be like Fig. 2-28.  
 In Table.2-29 shows calculation result for NTF60 with equivalence ratio of φ=0.5, intake 
temperature=414K. 
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Fig.2-25 Chemistry Set of Gas-Phase Kinetics file and Thermodynamics Date File 
 
 
 
Fig. 2-26 Analyze Results. 
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Fig.2-27 Selection of output data (temperature, pressure, chemical species etc.)  
 
 
 
Fig. 2-28 CHEMKIN PRO Post Processor Control panel 
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Time_(sec)  Crank_rotation_angle_() Net_heat release_rate_per_CA_(cal/degree) Temperature_(K) Pressure_(atm) Mole_fraction_NC7H16_()  Mole_fraction_C6H5CH3_()
0.00E+00 -1.05E+02 0.00E+00 4.14E+02 1.00E+00 3.51E-03 7.25E-03
1.00E-04 -1.05E+02 -1.45E-19 4.15E+02 1.00E+00 3.51E-03 7.25E-03
2.00E-04 -1.04E+02 -1.54E-19 4.15E+02 1.01E+00 3.51E-03 7.25E-03
3.00E-04 -1.04E+02 -1.69E-19 4.16E+02 1.01E+00 3.51E-03 7.25E-03
4.00E-04 -1.04E+02 -1.72E-19 4.16E+02 1.02E+00 3.51E-03 7.25E-03
5.00E-04 -1.03E+02 -2.34E-19 4.17E+02 1.02E+00 3.51E-03 7.25E-03
6.00E-04 -1.03E+02 -1.51E-18 4.17E+02 1.03E+00 3.51E-03 7.25E-03
7.00E-04 -1.02E+02 -7.01E-19 4.18E+02 1.03E+00 3.51E-03 7.25E-03
8.00E-04 -1.02E+02 3.26E-19 4.18E+02 1.04E+00 3.51E-03 7.25E-03
9.00E-04 -1.02E+02 2.75E-17 4.19E+02 1.04E+00 3.51E-03 7.25E-03
1.00E-03 -1.01E+02 2.95E-17 4.19E+02 1.05E+00 3.51E-03 7.25E-03
1.10E-03 -1.01E+02 -1.18E-16 4.20E+02 1.05E+00 3.51E-03 7.25E-03
1.20E-03 -1.01E+02 -1.30E-17 4.20E+02 1.06E+00 3.51E-03 7.25E-03
1.30E-03 -1.00E+02 -1.15E-16 4.21E+02 1.06E+00 3.51E-03 7.25E-03
1.40E-03 -1.00E+02 -2.32E-16 4.21E+02 1.07E+00 3.51E-03 7.25E-03
1.50E-03 -9.96E+01 -2.72E-16 4.22E+02 1.07E+00 3.51E-03 7.25E-03
1.60E-03 -9.92E+01 -1.95E-16 4.23E+02 1.08E+00 3.51E-03 7.25E-03
1.70E-03 -9.89E+01 -4.94E-17 4.23E+02 1.09E+00 3.51E-03 7.25E-03
1.80E-03 -9.85E+01 5.73E-17 4.24E+02 1.09E+00 3.51E-03 7.25E-03
1.90E-03 -9.82E+01 9.40E-16 4.24E+02 1.10E+00 3.51E-03 7.25E-03
2.00E-03 -9.78E+01 8.03E-16 4.25E+02 1.10E+00 3.51E-03 7.25E-03
2.10E-03 -9.74E+01 -7.10E-16 4.25E+02 1.11E+00 3.51E-03 7.25E-03
2.20E-03 -9.71E+01 -3.92E-16 4.26E+02 1.11E+00 3.51E-03 7.25E-03
 
Table 2-29 Example of Result of Chemkin-PRO (NTF60 φ=0.5) 
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2.6 3-Dimensional Simulation Methods 
 
This section will explain briefly on how to conduct 3-dimensional simulation with FORTE software 
from reaction design. Basically, FORTE has three different type of software within a set. Each one of the 
software has its own particular function as follows; 
 
1. FORTE Simulate: 
 To set up and run the model, including selection of a mesh and chemistry data, specifications 
of engine and model parameters, job execution, real-time monitoring of runs, as well as 
harvesting of results for the FORTE Visualizer. 
2. FORTE Monitor: 
 To monitor real-time of runs including temperature profiles, pressure profiles, 
thermodynamics data, middle products development, and even mesh development. 
3. FORTE Visualize: 
 To analyze existing completed results from FORTE Simulate. FORTE Visualize can even 
export the result to external software such as Excel for further analysis work. Existing 
FORTE solution can be focus for interactive visualizations include surface contour plots, 
vector plots, droplet display, animations, and X-Y line plots of spatially average values, 
point interpolations, and line interpolations. 
 
2.6.1 FORTE Simulate 
 
As explained above, the purpose of FORTE Simulate is to set up, run the model until it can be 
harvested by launching Visualizer [1]. Fig. 2-30 shows layout of the FORTE Simulation window. The 
workflow overview of FORTE Simulate can be summarized in fig. 2-31. 
 
 
Fig. 2-30 Layout of the FORTE Simulation window. 
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Fig. 2-31 FORTE Simulate Workflow Overview. 
 
General simulation procedure of engine model can be summarized as follows. Please be noted that this 
procedure is taken from reaction design tutorial [2]. 
 
1. Import Geometry from STL file. 
2. Control mesh through Mesh controls option with desired setup and click apply button. 
3. Refine the mesh around key geometric features such as pistons, walls, and open boundaries. 
4. Import chemistry model according to the desired fuel and engine system. 
5. Set up boundary conditions for inlet and set the fuel composition according to the correct mass 
fraction. 
6. Set up boundary conditions for outlet according to the desired parameters. 
7. Set up Piston boundaries according to varicomp engine parameters and turn on the wall motion. 
8. Set up Intake, Exhaust, Liner, Head, and Intake Valve Boundaries according the desired parameter. 
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9. Setup initialization according to the order of default initialization, intake initialization, and 
exhaust initialization. 
10. Set simulation control to define simulation limit, time step, chemistry solver and transport terms. 
11. Determine output control for desired data stored for viewing during simulation and for creating 
plots, graphs, and animation in FORTE Visualization. 
12. Check the setting in preview simulation whether there are any valve overlap. 
13. Run Simulation. 
14. View the results of the simulation by clicking harvest button and FORTE Visualize will 
automatically launch. 
 
 
2.6.2 FORTE Visualizer 
 
The FORTE Visualizer provides quick graphical presentation of FORTE simulation results [1]. It is 
customized to work with output file from FORTE Simulate allowing detail analysis if individual case 
studies as well as multiple case, parameter study results. Layout of the visualizer can be seen in fig. 2-32. 
Options for solution visualization is summarized as follows; 
 
1. Surface contour plots on user-specified cut planes, boundary surfaces, and isometric surfaces 
2. Vector plots in the 3-D geometry view 
3. Particle (spray droplets) display in the 3-D geometry view 
4. X-Y line plots of: 
- Spatially averaged values vs. time or crank angle (for engine cases) 
- Values at a point probe location vs. time or crank angle. 
- Values along a line probe for specific times or crank angles. 
- Imported data for quick comparison to simulation results 
5. Isometric surfaces for a specified value2-D contour-overlay map such as a Phi-T map. 
6. Snapshots with export option 
7. Animations of any 3-D visualization or 2-D contour-overlay map 
8. Tables of values, with Export option 
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Fig. 2-32 Layout of the FORTE Visualizer. 
 
General workflow for FORTE Visualizer can be summarized as follows; 
 
1. Open the solution file. File menu > Open > FORTÉ solution file. 
2. Generate a new set of primitive or visualization objects. 
3. Select the solution and solution point of interest. 
4. Create an animation based on selected 3-D window or contour overlay plot. 
5. Optionally, create table data from table data viewer to view or even export to excel as .csv file. 
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Chapter 3 
Measurements Principles and Theory 
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3.1 Measurements Principles 
 
In this study in conducting exhaust gas analysis, exhaust gas was collected from exhaust port through 
sample gas line, and then components contained in the exhaust gas will identified and quantified by FT-
IR. Below are the description of FT-IR theory, and the principles of quantification   by the least square 
method. 
 
 
3.2 Infrared absorption 
Based on the motion of electron, molecular vibration, and rotational movement of entire molecule, 
energy level is present in the molecule. Infrared absorption are mainly occurs based on the transition 
between energy levels of molecular vibration and the vibration of the crystal lattice. The energies are 
determined by the shape of the molecular potential energy surfaces, the masses of the atoms, and the 
associated vibronic coupling. In particular, in the Born–Oppenheimer and harmonic approximations, for 
instance, when the molecular Hamiltonian corresponding to the electronic ground state can be 
approximated by harmonic oscillator in the neighborhood of the equilibrium molecular geometry, the 
resonant frequencies are associated with the normal modes corresponding to the molecular electronic 
ground state potential energy surface. The resonant frequencies are also related to the strength of the bond 
and the mass of the atoms at either end of it. Thus, frequencies of the vibrations are associated with a 
particular normal mode of motion and a particular bond type. Dipole moment can be defined as the vector 
of distance from charge q  to q , and the distance of separation between the charges as l , and the 
magnitude, as   can be defined by next equation.  
    
lq                            (3-1) 
 
Fig.3-1 shows the symmetric stretching vibration of water molecules. O-H bond only stretch at the same 
time to the distance of r  and the magnitude of dipole moment increase in the manner of next equation. 
   
2
c o s2

qr                           (3-2) 
 
This is a vector in the direction of symmetry axis, which is an active infrared. 
 
Fig.3-1 Symmetry stretch oscillation of H2O molecule 
Fig.3-2 shows asymmetrical stretch of carbon dioxide. C-O bond only stretch at the same time to the 
distance of r  and the magnitude of dipole moment increase in the manner of next equation. 
 
   qr 2                            (3-3) 
 
This is a vector in the direction of x axis, which is an active infrared. 
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Fig.3-2 Reverse symmetry stretch oscillation of CO2 molecule 
 
Fig.3-3 shows the symmetric stretching vibration of carbon dioxide. C-O bond only stretch at the same 
time to the distance of r  and the magnitude of dipole moment increase amount is cancelled to 0 because 
of counter direction between two atoms. This is why it is called inactive infrared. Table.3-1 show the 
frequency observed in infrared absorption of carbon dioxide molecules vibration and water molecules 
vibration. 
 
 
Fig.3-3 Symmetry stretch oscillation of CO2 molecule 
 
Table.3-1 Infrared absorption of H2O, CO2 
Vibration type 
Symmetrical 
vibration 
Asymmetrical 
vibration 
Scissoring 
vibration 
Molecules 
H2O 3652cm-1 3756cm-1 1596cm-1 
CO2 1340cm-1 2350cm-1 666cm-1 
 
A molecule can vibrate in many ways, and each way is called a vibrational mode. For molecules with 
N atoms in them, linear molecules have 3N – 5 degrees of vibrational modes, whereas nonlinear 
molecules have 3N – 6 degrees of vibrational modes (also called vibrational degrees of freedom). As an 
example H2O, a non-linear molecule, will have 3 × 3 – 6 = 3 degrees of vibrational freedom, or modes. 
Simple diatomic molecules have only one bond and only one vibrational band. If the molecule is 
symmetrical, such as N2, the band is not observed in the IR spectrum, but only in the Raman spectrum. 
Asymmetrical diatomic molecules, for example, CO, absorb in the IR spectrum. More complex 
molecules have many bonds, and their vibrational spectra are correspondingly more complex, i.e. big 
molecules have many peaks in their IR spectra. The simplest and most important IR bands arise from the 
"normal modes," the simplest distortions of the molecule. In some cases, "overtone bands" are observed. 
These bands arise from the absorption of a photon that leads to a doubly excited vibrational state. Such 
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bands appear at approximately twice the energy of the normal mode. Some vibrations, so-called 
'combination modes," involve more than one normal mode. Because it is relatively constant, the 
frequency of these vibrations will be able to identify the atomic characteristic infrared absorption bands 
based on the vibration group. Table 3-2 shows the vibration frequency and a representative group.  
 
Table.3-2 Infrared absorption band 
Vibration group Type Wavelength/cm-1 
OH Stretch 
With hydrogen bond 
Without hydrogen bond 
3600～2500 
～3600 
CH Stretch 
Olefin CH 
Methyl base 
～3080 
～2870 
C=O Stretch 
Esthel 
Aliphatic, Aromatic aldehydes 
Carboxylic acid 
～1735 
～1730，～1705 
～1700 
CH3 variable angle 
Asymmetric 
Symmetry 
～1460 
～1380 
CH2 variable angle Scissoring ～1450 
 
3.3 FT-IR Principles 
 
 FT-IR (manufactured by Shimadzu, IRPrestige-21) in this study was used as a measuring instrument for 
analyzing exhaust gas. In this system, a Michelson interferometer is used as an optical system. Fig.3-4 
shows diagram of Michelson interferometer. Light that came from the source passes through the aperture 
and became parallel light by the collimator mirror and hit the beam splitter. Beam splitter lets half of the 
light transmit through it and another half being reflected, and Ge film which is deposited on KBr is used 
in the infrared region. The light that passes through the beam splitter goes to movable mirror, while 
reflected light hit the fixed mirror. Then, both of the lights reflected back to the beam splitter. These two 
lights overlap each other and cause interference. 
 Now, wavelength, λ of monochromatic light is considered to be emitted from light source. When the 
distance between fixed mirror and the beam splitter (l0), and the distance between movable mirror and 
beam splitter (l1) is considered to be equal, which means the optical path difference between two beams 
(x = 2 (l1－l0)）considered to be 0. Two beams have the same phase will be constructive. When movable 
mirror is moved only λ/4 from the position of zero optical path difference, optical path difference will be 
λ/2 and will cause opposite phase that become destructive. Which means, when optical path difference , 
x is nλ（n : integer number）, constructive, and when (n + 1/2) λ , it will be destructive. 
 Now, we consider intensity of monochromatic light I0 of wavelengthλ  hit the interferometer. 
Reflectance and transmittance considered as R,T respectively, and frequency of monochromatic light as 
σξ (cm-1), the observed sight is appeared in the form of intensity change as below 
 
)2cos1(2 00 xRTII                      (3-4) 
 
Now, when we considered there is no absorption the beam splitter with R = T=0.5 
)2cos1(
2
0
0 x
I
I                        (3-5) 
In the case when there is special distribution that covers an area that is emitted from the light source, think 
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as the sum of equation (3-4) expression for the spectral element configuration with a frequency width of 
the output △σ, 
 
 
Fig.3-4 Michelson interferometer 
 
  )2cos1(
2
i
i
x
I
I
i
　                     (3-6) 
 
can be expressed as above. Therefore, the generalized spectral intensity distribution for B(σ) 



dx
B
xI )2cos1(
2
)(
)(
2
1
                     (3-7) 
 
Equation above can shows interference in the output waveform. Expression in (3-4) only shows AC 
component that has been observed by detector. Expression that subtracting the DC component from the 
output waveform interference, 
 
2
)0(
)()(
I
xIxF                           (3-8) 
 
Expression above called as interferogram. When interferogram was further generalized, 
 



0
2cos)(
2
1
)(  dxBxF                                     (3-9) 
 
can be written as above. Physical spectrum, σ does not only exist in the positive region but it is more 
convenient to assume in negative frequency range based on mathematical calculation. Equation follows 
shows an expression by mathematical spectrum, spectrum reality of B(σ) by Be(σ)  as even function of 
component ingredients and Be(σ) as odd function.  
 
)()()( 0  BBB e   
                                                                 (3-10) 
)]()([
2
1
)(   BBBe  
Therefore from (3-7), negative region of x taking as consideration, interferogram F(x), will be 
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 




0
0 2cos)(2cos)]()([
2
1
)(  xdBxdBBxF ee     (3-11) 
 
By distributed spectrometer, we can get intensity B(σ) of a certain wave number σ by truncating the 
difference of frequency components. In the Fourier transform spectrophotometer, the detector actually 
detects an interferogram, F(x) that has good efficiency without truncated because it contains all wavelength 
components. However, it is necessary to perform fourier transform to obtain the spectrum. 
 



 xdxxFB  2cos)()(                   (3-12) 
 
3.4 Resolutions 
 
 According to (2-10), it is necessary to record from zero to infinity optical path difference interferogram 
to obtain the spectrum, in fact, must terminate a finite value L from the scan. Because of equation (3-10) 
is also considered as the region (-σ), the expression for truncation is, 
 
 



L
L
xdxxFxUxdxxFB  2cos)()(2cos)()('               (3-13) 
  However,      U(x)  = 1, Lx                                     (3-14) 
   0, Lx   
 
In exchange, )()('  BB  ，by means result spectrum is differs from the real spectrum. Further, from 
the Convolution Theorom, 
 
)]([)()]([)]([)(' xUFBxFFxUFB                       (3-15) 
 
However, F [] denotes the Fourier transform. Because of U(x) is symmetrical when axis x=0 and square 
wave of height 1 with a full width of 2L, fourier transform is sinc function as follows, 
 
L2
L2
Lsin2
2LF[U(x)] 


 sinc )2( L                         (3-16) 
 
But,     sinc
x
x
x

sin
  
                  sinc 10  ，sinc 0n ， n   : integer                         (3-17) 
                  


sinc 1xdx  
 
 
In Fig.3-5(a) (3-12)，while (3-14) represents the graph of a function with L=1.Function of F[U(x)] in 
equation (3-14) becomes zero in )2/1( L  , with half-width of 0.605/L. This half-width value is 
decrease as the optical path difference L becomes larger by means, higher resolution can be obtained by 
moving the mirror to a longer distance. As is clear from Fig.3-5 (a), the sinc function represents a 
51 
 
significant waving left and right of the central peak. This is when, a sharp target consists of a number of 
spectral emission and absorption band, means that many pseudo peak appears, the interpretation of the 
spectrum prone to error. This waving has a discontinuity point when at the point of ±L, function U(x) 
rapidly fall to 0, due to the generation of high-frequency component. Thus, instead of U(x), apply A(x) 
function that doesn’t have sharp point of truncation to the interferogram and reduce the waving of the 
spectrum using the method of Fourier transform is taken subsequently. This operation is called Apotization, 
and A(x) is called Apotization Function. For example, 
 
L
x
xA  1)(                                   (3-18) 
 
and fourier transform for the equation is， 
 
  LxAF )]([  sinc2 )( L                                (3-19) 
 
This can be represented in a graph manner in Fig.2-10(b). As it clear by the graph, it can be seen that by 
using Apodizing function A(x), the secondary maximum resolution is slightly less smaller. In Table.3-3, 
indicates Apodizing function that can be selected by the apparatus that used in this study, and its 
characteristics. In this experiment, we used the most degradation does not impair the "None". 
Fig.3-5 Apodizing functions (U(x), A(x)) and fourier transforms for U(x) and A(x) 
 
 
 
 
 
Table.3-3 Apodizing functions 
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Name of 
parameters 
Apodizing function 
A(x)  (|x|≦L) 
Instrument function 
F[A(x)] 
Half width 
None, BoxCar 1 L2 sinc )2( L  L/605.0  
Triangular 
L
x
1  L sinc
2 )( L  L/88.0  
Squcre 
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2)1(
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Conversion to absorbance from the interferogram 
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3.5 Quantification by the method of least squares 
Fig.3-6 Conversion from interferogram to absorbance 
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  immijjiii XCXCXCXCY ......2211 
 
3.5.1 The principle of quantification by FT-IR 
 
 If the light with intensity of I1 transmitted through a substance with intensity of I0 ,  
 
   
CLII  1001                              (3-20) 
Equation above is called Lambert-Beer Equation. ε is the extinction coefficient, C is the concentration 
of the sample, L is the optical path length of the cell 
Notes;  It is also often defined as 
CLeII  01  
 From this law, transmittance %T, and absorbance α are defined as follow. 
 
10010100/% 01 
 CLIIT                  (3-21) 
   CLII CL    10loglog 100110                       (3-22) 
 
 There is an exponential relationship between the transmittance and the concentration C, but when the 
optical path length of the cell and the sample were determined, ε and L becomes constant and the 
absorbance will be proportional to the sample concentration. Therefore, the quantitative analysis was 
performed by using standard absorbance mode (abs). In the cells of multiple reflective 3m of the gas cell, 
the window material is made of KBr that transmits infrared light optical path length. There is also single 
pass cell with 10cm optical path length. 
 
3.5.2  The principle of quantification by the method of least squares 
 
In this experiment, FT-R was used to measure infrared absorption spectrum of the exhaust gas. 
However, because of component structure with similar absorption becomes redundant, quantification 
analysis using least square method is needed (Fig. 2-11). Analysis procedure using the least squares 
method is as follows. Basic formula to give the predicted spectrum Y(i) is, 
  
                                               (3-23) 
 
Here, Xij is the infrared absorption spectrum in the wavelength range of sample j with known concentration 
NSj. The difference of square sum between the observed value Z(i) and the predicted value of the spectrum 
Y(i) can be expressed as follows 
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In order to obtain the coefficient Cj that minimizes the S, 
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And when being organized with C(j) it will be as the following linear equation. 
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However, 
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When this solution being express in matrix manners, 
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It will become like above and Nj concentration of each component of the observation value Z (i) is, 
 
                                                     (3-29) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Fig. 3-6 Spectrum analysis by least-square method. 
 
 When performing quantitative analysis, in advance, to quantify chemical species, sample gas with 
known concentration was produced and infrared absorption spectrum was measured by FT-IR. Measured 
samples were nC7H16，toluene(C7H8)，HCHO，CH3CHO，C2H3CHO，C3H7CHO，HCOOH，C2H4，
CH3OH，iso-C4H8(iC4H8)，CO，CO2. All the species once collected by the glass reservoir and sample 
gas were prepared by one-tenth of the concentration by N2 dilution. By collecting the sample gas into the 
kjj NsCN 
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glass reservoir, we can get fine adjustment of the concentration when measuring it through FT-IR.  
 Table. 3-4 shows FT-IR parameters and Fig.3-7～Fig.3-18 show the infrared absorption spectrum of 
each species. 
  
 
Table.3-4  FT-IR parameters for measurements. 
Measurements mode Absorbance（abs） 
Apodizing function  None 
Cumulated number 30回 
Decomposition 0.5 cm-1 
Wavenumber range 500-4500 cm-1 
 
 
 
Fig. 3-7 Spectrum of C7H16 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
Fig. 3-8 Spectrum of C6H5CH3 
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Fig. 3-9 Spectrum of HCHO 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3-10 Spectrum of C2H4  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3-11 Spectrum of C4H8 
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Fig. 3-12 Spectrum of HCOOH 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3-13 Spectrum of CH3OH  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3-14 Spectrum of CH3CHO 
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Fig. 3-15 Spectrum of C2H3CHO 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3-16 Spectrum of C3H7CHO  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
      Fig. 3-17 Spectrum of CO 
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Fig. 3-18 Spectrum of CO 
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Chapter 4 
0-Dimensional Reaction Simulation 
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4.1 0-Dimensional reaction dynamics calculations with CHEMKIN  
 In order to study the mechanism of chemical reaction to be compared with the experimental results, in 
this study, we have carried out the reaction dynamics calculations using CHEMKIN-PRO. Incorporating 
advanced functionality and the latest analytical algorithms and methods, CHEMKIN-PRO delivers the 
ultimate in speed, accuracy and solution robustness. Here are some of the advantages of CHEMKIN 
PRO:  
Accurate solutions in a fraction of the time 
 
Core solver enhancements incorporated in CHEMKIN-PRO cut simulation times from days to 
hours or hours to minutes for complex models with large mechanisms. As much as 25 times faster than 
previous versions of CHEMKIN and more than an order of magnitude faster than competing codes in 
demanding applications. 
 
Reaction Path Analyzer -- a whole new view 
 
To help designers gain key insights into kinetic dependencies, CHEMKIN-PRO includes the Reaction 
Path Analyzer. Employing an interactive, visual display, the Reaction Path Analyzer provides a clear view 
of dominant reaction paths, facilitating mechanism development and reduction. 
 
 
Fig. 4-1 Reaction path of C2H6 until CO2 from CHEMKIN PRO reaction path analyzer 
 
Particle Tracking -- understand and predict soot and particle formation 
 
Use innovative Particle Tracking in CHEMKIN-PRO to follow particles through inception, growth and 
reduction. Determine particle size and number statistics for soot emissions or to optimize particulate 
production for carbon-black applications. 
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Fig. 4-2 Rate of New Soot Particle vs Equivalence Ratio vs Reactor Distance 
 
Flame Extinction Model -- determine flame-extinction limits using detailed chemistry in 
CHEMKIN-PRO's Flame Extinction Model 
 
Quickly identify the impact of operating conditions and fuel/air ratios on flame-extinction strain rates 
through automated parameter studies. 
 
 
Fig. 4-3 Flame response curve showing extinction (turning point) for premixed stoichiometric methane-
air flame. 
 
Multi-Zone Engine Model for piston engines 
 
CHEMKIN-PRO's Multi-Zone Engine Model simplifies the analysis of key combustion effects including 
ignition, flame speed, and CO, HC and Soot emissions. 
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Fig. 4-4 Multi Zone Engine Model 
 
4.2 Calculation Principles 
 
 Calculation in CHEMKIN particularly in this study, is internal combustion engine which is a closed 
system of the insulation. Due to that matter, the law of conservation of mass is established. If the type of 
species N (such as atomic radicals and molecules) is present in the reaction system, m is the total mass 
expressed as follows using the mi weight of each species. 
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N
i
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， 0
dt
dm
      
                                                             (4-2) 
t：時間   
         
In addition, the change in each species is expressed as follows. 
 
   
ii
i WV
dt
dm
                                  (4-2) 
  V ：volume     i ：Production rate of each species  (mol/m
3)   
    iW ：Molecular weight of each species    
This is expressed in mass fraction, 
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Given the reaction containing the N species may be considered as a reversible reaction (non-reversible) or 
basically, in general the following expression. 
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For example, 
 
H + O2 ⇔ OH + O 
 
Stoichiometric coefficients is an integer, I is the number of the reaction, Χn is nth chemical symbol of the 
chemical species. Stoichiometric coefficient of the product referred as single prime reactant as (´), and 
double prime of reverse reaction as ("). Ordinarily in elementary reaction, it is not limited for one reaction, 
3~4 species. The sum of all reaction progress rate for the rate production, ωn of species K including N as 
follows. 
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Here, 
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Progress rate, qi of reaction i can be obtained by the difference between the forward and reverse reaction 
rate as in (4-6).  
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Here, Xn acts as mole concentration for species K while kfi, kri is the rate constant of the forward and reverse 
reaction, i. 
 
For example, for  R
．
 + O2 (+M) ⇔ ROO
．
 (+M), 
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The forward rate constant of the reaction i depends on the temperature in generally described using the 
modified Arrhenius equation. 




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TAk iifi
i exp
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                                                        (4-7)  
From this equation, 
Ai is the frequency factor, βi  is given by a real positive or negative real number. T represents the 
temperature Ei is the activation energy, and R is gas constant. 
Kci can be calculated from the equilibrium constant of the reverse reaction rate constant. 
 
ci
fi
ri
K
k
k                                                             (4-8)       
 
Relationship between the equilibrium constant of concentration unit Kci and the pressure units of 
equilibrium constant are 
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P0 is usually given as the standard atmospheric pressure of 101.3kPa 
Equilibrium constant of the pressure unit, Kpi is obtained by the following thermodynamic relationship. 
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ΔG0i is the difference in Gibbs Free Energy at standard pressure between yield product and reactant in 
reaction i, same as Enthalpy Difference for ΔH0i, and Entropy Difference for ΔS0i. 
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As an example, for H + O2 (+M) ⇔ HO2(+M) , 
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If the temperature is constant or given, the chemical species in the model prediction is presented by the 
above formula, otherwise it is necessary to make calculations further in terms of energy conservation. 
When the gas in the model is assumed to be an ideal gas, the thermal insulation system in the following 
expression holds from the first law of thermodynamics. 
 
   0 pdvdu                         (4-13) 
     u：Internal energy per unit mass 
p ：Pressure 
In addition, u in the above equation is the sum of the energy from the interior of each molecule, ui as 
expressed as follows. 
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Therefore, the amount of the derivative is as follows. 
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In an ideal gas, the molar specific heat at constant volume and the overall change in internal energy is 
expressed as follows using the molar specific heat at constant volume. 
   dTcdu
ivi
                              (4-16) 
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Therefore, from equation(4-13)，(4-15)，(4-16)，and (4-17) comes the energy equation expressed as 
follows. 
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Here, when substituting equation (4-3), 
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Regardless of the volume as a function of time, the equation will be, 
 
m
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Further, when the volume is constant, the equation (4-19) is expressed as follows. 
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Enthalpy h is, 
 
   p vuh                                                    (4-22) 
 
When being differentiated, and substituted in equation (4-13), following equation can be obtained. 
 
   0dh                                                  (4-23) 
 
Due to du=0 in the case of thermal insulation and constant volume, and similarly considered in the case 
of thermal insulation and constant pressure, h being substituted in equation (4-14)-(4-17), and also dp = 
0, following equation can be obtained. 
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ch2o+oh  =  hco+h2o  3.430E+09  1.18 -4.470E+02
rev /  1.186E+09  1.18  2.938E+04 /
ch2o+h  =  hco+h2  9.334E+08  1.50  2.976E+03
rev /  7.453E+07  1.50  1.765E+04 /
ch2o+o  =  hco+oh  4.160E+11  0.57  2.762E+03
rev /  1.459E+10  0.57  1.534E+04 /
ch3+oh  =  ch2o+h2  2.250E+13  0.00  4.300E+03
rev /  6.756E+14  0.00  7.602E+04 /
ch3+o  =  ch2o+h  8.000E+13  0.00  0.000E+00
rev /  1.055E+15  0.00  6.963E+04 /
ch3+o2  =  ch3o+o  1.995E+18  -1.57  2.921E+04
rev /  3.585E+18  -1.59 -1.631E+03 /
ch2o+ch3  =  hco+ch4  3.636E-06  5.42  9.980E+02
rev /  7.584E-06  5.42  1.615E+04 /
hco+ch3  =  ch4+co  1.210E+14  0.00  0.000E+00
rev /  2.073E+16  0.00  9.048E+04 /
 Further, ωk is determined from the reaction rate of the reaction of all the chemical species that has been 
produced and consumed. In CHEMKIN, generally chemical species, reaction equation and forward 
reaction rate being presented in one file (chem.inp) as shown in table 4-1. In addition, using NASA Format, 
thermodynamic data represented in one file (therm.dat) as shown in table 4-2. From thermodynamic data, 
reverse reaction rate can be calculated. 
 
 
Table 4-1 Example of Kinetic.inp file 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4-2 Example of thermo inp file 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A Factor  
n value 
Activation 
Energy, Ea  
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4.3  Internal Combustion Engine (IC Engine) model 
 
 When performing a calculation in the CHEMKIN-PRO, it is necessary to give a volume change 
corresponding to the movement of the piston of the engine. In this study we have done various models 
but this time we show an example of IC Engine Model calculations.  
An overview is given below. 
First of all, using a schematic view of the engine showed in Fig. 4- 5 in considering the volume change. 
LC is the connecting rod length, LA is the crank radius, D is the bore of the cylinder. At this time, the 
compression ratio of the engine can be expressed as follows 
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C

                           (4-25) 
Vh is the swept volume, while Vc is the volume gap．Further, crank radius ratio can be expressed as follows. 
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The volume of gas in the cylinder V, can be expressed,  
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Here, s represents the distance of the center of the piston pin and crank.  In addition, by using crank angle
θ into s, 
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Volume in the cylinder, as a function of crank angle θ, expressed as follows. 
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If θ as a function of time in accordance with the rotational speed, it will become the function of volume 
and time to be used in calculation. In addition, this equation that provides volume change is also used 
when determining the temperature and heat generation in the experiment. 
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Fig. 4-5 Schematic of an engine cylinder 
 
 
 
4.4 Detailed reaction mechanism, for PRF and NTF 
 
Recently, many research focused on simplified model of PRF [34-37], with most of them concentrating 
on experiment of ignition timing or high-temperature oxidation reaction, but less in the low-temperature 
oxidation reaction. Because of that, in this study we tried to focus on middle product from low-temperature 
oxidation and bring reaction mechanism. In both fuel mixtures, we are using n-heptane detailed 
mechanism version 3.1 from Lawrence Livermore National Laboratory by Curran while using NTF 
mechanism by Professor Sakai from Fukui University. 
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Chapter 5 
3-Dimensional Reaction Simulation 
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5.1 3-Dimensional reaction dynamics calculations with FORTÉ 
 
The FORTÉ Simulation Package is designed for internal combustion engine design applications. 
FORTÉ takes advantage of well-established theoretical representations of 3-D fluid flow, spray 
dynamics and combustion behavior. 
The dynamics of spray combustion in diesel engines are controlled by both turbulent mixing 
dynamics and fuel combustion kinetics. Spray dynamics and fuel vaporization are typically the dominant 
contributors to the creation of stratified fuel/air mixtures. Subsequently, the ignition and combustion 
chemical kinetics are controlled by a complex network of reactions between fuel and air species under 
these stratified conditions. Both spray dynamics and chemical kinetics contribute to source terms in the 
reacting-flow transport equations. For flame propagation in spark-ignition engine, combustion kinetics in 
the end-gas also controls important phenomena, such as engine knocking and emissions production. For 
advanced-concept engines that are based on compression-ignition strategies or dual-fuel combustion, 
chemical kinetics becomes even more important. 
FORTÉ Simulation Package also introduces important breakthroughs in chemistry-solution 
techniques that greatly enhance the accuracy achievable by engine simulation within commercial 
design time lines. These techniques reduce simulation time by as much as two orders of magnitude 
when compared to conventional CFD. Chemistry models that were previously thought of as only 
practical for 0-D simulations now become practical for full 3-D engine simulations with moving 
pistons and valves. Better handling of chemistry with multi-component fuel representation makes 
predictive simulation possible within the schedule constraints of the concept phase of design. 
 
For direct-injection engines, FORTÉ also sets a new standard for accuracy in the representation of 
fuel-spray droplet breakup and vaporization. For example, true multi-component fuel vaporization 
models can now work hand-in-hand with multi-component chemistry models. In addition, new 
approaches to representing the gas-transport part of the spray reduce the sensitivity of the spray model to 
the grid. These advances together with better chemistry allow more accurate simulations at reduced 
computational cost, and without the intervention of expert calibration. 
FORTÉ builds on models and sub-models that have been well validated against experimental 
data over a broad range of conditions and over many years by engine-simulation experts.  
 
 
5.1.1 Conservation Equations for Turbulent Reacting Flow 
 
In FORTÉ’s turbulent reacting flow representation, the basic fluid dynamics are governed by the 
Navier-Stokes equations. Model transport equations represent the turbulent nature of the flow. When 
liquid sprays are injected into the flow, exchange functions are used to account for the interaction 
between the gas phase and the liquid droplets. Beyond these models, the main assumptions made in the 
derivation of the governing equations are the use of the ideal gas law for the gas-phase equation of state, 
the use of Fick’s law for mass diffusion, and the use of Fourier’s law for thermal diffusion. 
73 
 
 
The aim of the turbulent combustion modeling approach is to remove the necessity of resolving all the 
smallest structures and fluctuations associated with turbulence, while retaining the main effects of 
turbulence on the flow and combustion characteristics. To accomplish this, the Favre average is employed 
to represent an instantaneous quantity, such as the flow velocity vector u, into an average ũ  and a fluctuating 
part ű, as u= ũ+ ű. In this approach, the average ũ part is defined as a conventional average by 

uu ~ , 
while the fluctuation ű, is defined to satisfy 0u , where the over-bar represents an  
The governing equations in FORTÉ all follow this convention. The basic form of the equations for the 
flow field is described in this chapter. 
 
5.1.2 Species Conservation Equation 
 
The conservation equation for species k  is: 
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where is the density, subscript  k  is the species index, K is the total number of species, u is the flow 
velocity vector. Application of Fick’s Law of diffusion results in a mixture-averaged turbulent diffusion 
coefficient 
c
kTD

.  and 
s
k

   are source terms due to chemical reactions and spray evaporations, 
respectively. 
 
5.1.3 Fluid Continuity Equation 
 
The summation of Equation 5-1 over all species gives the continuity equation for the total 
fluid: 
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5.1.4 Energy Conservation Equation 
 
The internal energy transport equation is: 
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Where I is the specific internal energy, J is the heat flux vector accounting for contributions due to heat 
conduction and enthalpy diffusion, 
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λis the turbulent thermal conductivity, T is the fluid temperature, and hk is the specific enthalpy of species
cQk
.   and sQ
  are source terms due to chemical heat release and spray interactions, respectively. By definition, 
λis related to the turbulent thermal diffusivity αT and heat capacity cp by 
 
Tpc                                                                      (5-5) 
 
5.2 Turbulence Models 
 
For internal combustion (IC) engines, in-cylinder reacting flows are compressible and highly turbulent. 
FORTÉ currently uses the Reynolds Averaged Navier-Stokes (RANS) equations. Both advanced (based 
on Re-Normalized Group Theory) and standard k-ɛ model formulations are available. These consider 
velocity dilatation in the ɛ-equation and spray-induced source terms for both k and ɛ equations. 
 
The standard Favre-averaged equations for k and ɛ are given in Equation 5-6 and 5-7: 
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In these equations, Prk, Prɛ, cɛ1, cɛ2 and cμ are model constants, which are listed and described in Table 
5-1. 
The source terms involving 
sW
~
   are calculated based on the droplet probability distribution function (cf. 
Ref.Amsden 1997 [5]). Physically, 
sW
~
  is the negative of the rate at which the turbulent eddies are doing work 
in dispersing the spray droplets. cs=1.5 was suggested by Amsden [5] based on the postulate of length scale 
conservation in spray/turbulence interactions. 
 
The advanced (and recommended) version of the k-ɛ model is derived from Re- Normalized Group (RNG) 
theory, as first proposed by Yakhot and Orszag [58]. The k equation in the RNG version of the model is the 
same as the standard version, but the ɛ equation is based on rigorous mathematical derivation rather than on 
empirically derived constants. The RNG ɛ equation is written as 
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where the R in the last term of the right-hand side of the equation is defined as 
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and S is the rate of strain tensor, 
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Compared to the standard ɛ equation, the RNG model has one extra term, which accounts for non-isotropic 
turbulence, as described by Yakhot and Orszag [58]. Values of the model constants Prk, Prɛ, cɛ1, cɛ2 and cμ 
used in the RNG version are also listed in Table 5-1. In the FORTÉ implementation, the RNG value for the 
variable cɛ is based on the work of Han and Reitz [13], who modified the constant cɛ3 to take the 
compressibility effect into account. According to Han and Reitz [13], 
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where m=0.5, n=1.4 for an ideal gas, and 
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Using this approach, the value of cɛ3 varies in the range of -0.9 to 1.726 [13], and in FORTÉ is determined 
automatically, based on the flow conditions and specification of other model constants, μ0 and ß. Han and 
Reitz [13] applied their version of the RNG k-ɛ model to engine simulations and observed improvements in 
the results compared to the standard k-ɛ model. For this reason, the RNG k-ɛ model is the default and 
recommended turbulence model in FORTÉ. 
 
Table 5-1 Constants in the standard and RNG k-ɛ models [51] 
 cμ 
 
cɛ1 
 
cɛ2 
 
cɛ3 
kPr
1
 
Pr
1  
 
μ0 ß 
 
Standard 
k_ɛ 
0.0
9 
1.44 1.92 -1.0 1.0 0.769   
 
RNG 
k_ɛ 
0.084
5 
1.42 1.68 Equation  
5-13 
1.39 1.39 4.38 0.012 
 
5.3 Boundary Condition 
 
There are several types of boundary conditions that can be specified in FORTÉ. These include inflow, 
outflow, rigid (moving or stationary) walls, periodic, and symmetry boundaries. There are several types 
of rigid-wall conditions for momentum and energy equations. Wall boundary conditions for the 
momentum equation include free-slip velocity, no-slip velocity, and turbulent law-of-the-wall conditions. 
Wall boundary condition options for the energy equation include adiabatic walls and fixed- temperature 
walls. For in-cylinder engine simulations, the turbulent law-of-the-wall velocity condition and fixed-
temperature walls are usually employed. The following sections describe in more detail each of the 
boundary-condition options available. 
 
5.3.1 Wall Boundaries 
 
Heat transfer between the working fluid and the cylinder wall in an engine can significantly affect engine 
performance, efficiency and emissions. The heat flux through the chamber walls is mainly due to gas-
phase convection, fuel-film conduction and radiation. Under typical engine operating conditions, gas-
phase convective heat transfer is the dominant factor [15]. At rigid walls, boundary conditions must be 
specified or assumed for each of the gas-phase governing equations. Typically, the boundary layer of an 
engine in-cylinder flow is thin relative to the practical computational grid size. For this reason, velocity 
77 
 
and temperature wall functions are often employed to solve for the near-wall shear stress and heat transfer. 
5.3.2 Wall Conditions for the Energy Equation 
 
In FORTÉ, the wall heat transfer model of Han and Reitz [14] is used to calculate the gas-phase wall heat 
transfer. In the near wall region of wall-confined in-cylinder engine flows, the following assumptions hold: 
 
1.  Gradients normal to the wall are much greater than those parallel to the wall;  
2.  The flow velocity is directed parallel to the flat wall; 
3.  Pressure gradients are neglected; 
 
4.  Viscous dissipation and enthalpy diffusion effects on energy flux are 
neglected; 
 
5.  Radiation heat transfer is neglected. 
 
With these assumptions, a one-dimensional energy conservation equation in the near wall region can be 
written as 
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with 
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where J is heat flux, y is distance to the wall, ρ is the gas density, cp is the specific heat of the gas mixture, p 
is pressure, and cQ
 is volumetric heat release, and k and kt are laminar and turbulent thermal conductivity, 
respectively. 
 
Integration of Equation 5-16 over the distance y from the wall (y=0) with consideration of the gas-density 
variation and the increase of the turbulent Prandtl number in the boundary layer, the temperature profile 
equation (wall function) is formulated as 
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Where T+, y+ and G+ are defined as 
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and 
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Here, u* is the friction velocity defined in terms of the turbulence kinetic energy, k, as k1/2 cμ1/4, y is the 
normal distance to the wall, Jw is the heat flux through the wall, cQ is the average volumetric chemical heat 
release, and v is the laminar kinematic viscosity. The corresponding formulation for the wall heat flux is 
given as 
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Where T and Tw are the gas temperature and wall temperature, respectively. Following the implementation 
of Han and Reitz [14], we neglect the source term cQ  , such that Equation 5-21 becomes 
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Equation 5-22 states that due to the density variation, the wall heat flux is proportional to the logarithm of 
the ratio of the gas temperature to the wall temperature. 
Other energy-equation boundary conditions on rigid walls are introduced by directly specifying either the 
wall temperature or the wall heat flux .nTkJ w   For adiabatic walls, we set Jw equal to zero. For 
fixed-temperature walls that are also either free slip or no slip; the wall temperature is prescribed and Jw is 
determined implicitly from Equation 5-3. 
 
When turbulent law-of-the-wall velocity conditions are used, frictional heating serves as a 
source to the internal energy and it has the form 
 
vuvf ww
2)(                                                          (5-23) 
 
Where fw is the heating per unit area of wall, and v is the tangential gas velocity relative 
to the wall. 
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5.3.3 Turbulence Model Wall Conditions 
 
In calculations of turbulent flow, boundary conditions are also needed for the turbulent 
kinetic energy k and its dissipation rate ɛ. These are taken to be 
 
0 nk                                                                   (5-24) 
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where k and ɛ are evaluated a distance y from the wall and 
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5 .3 .4  In i t ia l  Condit ions  
 
Most FORTÉ simulations are of transient engine conditions. For transient simulations, 
initial conditions for all variables and fluid properties are required.  This section 
describes the initial conditions applied to the governing equations as well as the user 
input required to establish the initial conditions. 
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5.3.5 Initialization of the Fluid Properties 
 
Fluid properties are used to determine the initial values of the state variables and to 
initialize other terms in the governing equations. The fluid therefore must be initialized 
for any transient simulation. Determination of initial fluid properties requires: 
 
 Initial pressure for each computational region. 
 
 Initial temperature for each computational region. 
 
 Initial species composition for each computational region, in terms of mole 
or mass fractions.  For in-cylinder regions, this may be the composition of 
pure air (e.g., 79% nitrogen, 21% oxygen), a mixture of exhaust gas (for 
exhaust- gas recirculation) and air, or a pre-mixed charge of pre-vaporized 
fuel, air, and/ or exhaust gas. 
 Initial turbulence kinetic-energy density for each computational region. In 
an internal combustion engine, the initial turbulence kinetic-energy density 
(TKEI) is specified as a fraction of the total kinetic energy that is turbulent 
kinetic energy, where the total kinetic energy is determined based on the 
mean piston speed. In non-engine applications TKEI is the actual turbulent 
kinetic energy with a value typically about 10% of the mean flow kinetic 
energy 0.5*u2. 
 Initial turbulence length scale (TLS) for each computation region. If TLS 
> 0.0, its value is used to determine an initial (uniform) value of ɛ, which 
will be proportional to the TLS value. If TLS = 0.0, the initial ɛ value will 
instead be proportional to the distance from the cell center to the nearest 
solid wall. 
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5.3.6 Swirl Profiles 
 
In addition to the fluid properties described in Section 5.3.5, initial momentum resulting from 
swirl flow may be important for some types of simulations. Internal combustion engines in particular 
are designed to impart a significant amount of swirl motion into the incoming air. This aids in turbulent 
mixing and enhances combustion efficiency. From experimental observation, modelers have 
determined that a Bessel function profile for the swirl component of the flow more accurately 
represents the flow under IC engine conditions. 
 
Fig. 5-1 illustrates the Bessel function velocity profile provided in FORTÉ and compares it with a 
simpler “wheel flow” model that is commonly used in other CFD representations. The comparison is 
shown for the same swirl number. The quantity α is a dimensionless constant that defines the initial 
azimuthal velocity profile and lies between 0.0 (the wheel flow limit) and 3.83 (zero velocity at the 
wall). In Fig. 5-1, the Bessel profile is illustrated for different values of α. The Bessel function profile 
is defined to give the same angular momentum as wheel flow with the same swirl number.                        
Thus, higher values of α correspond to the higher initial slope of the Bessel curve. A value suggested 
by Wahiduzzaman and Ferguson [55] for typical engine applications is about 3.11. The Bessel function 
profile in FORTÉ is defined such that it gives the same angular momentum as a wheel-flow profile 
that has the same swirl number. Thus the initial slope of the α = 3.11 curve is necessarily higher than 
the corresponding slope for wheel flow. 
A second input quantity is the initial swirl ratio of the air rotation rate to crankshaft rotation rate 
(i.e., rpm). When viewed from the positive z direction (the top of the engine cylinder), the swirl is 
clockwise if SWIRL < 0 and counterclockwise if SWIRL > 0. 
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Fig. 5-1 Bessel-function swirl velocity profile 
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Chapter 6 
Study on Low Temperature Oxidation of 
PRF / NTF 
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6.1 The Importance of Low Temperature Oxidation 
 In controlling the hot ignition inside Homogenous Charge Compression Ignition HCCI, early 
temperature rise or known as Cool Ignition needs to be understand. Cool Ignition that leads to low 
temperature oxidation LTO is known to be highly depending on chemical reaction between the fuel 
and oxygen as the condition at the moment are low in temperature (<1000K), and low in pressure. 
Because of that, various experiment parameter was set up to analyze the phenomenon. Parameter that 
includes in this study can be listed as below; 
  
1. Fuel Composition Dependency 
2. Equivalence Ratio Dependency 
3. Engine Speed Dependency 
4. Compression Ratio Dependency 
5. Intake Temperature Dependency 
  
 All these parameter will be discussed consequently based on the use of four kinds of analysis method; 
 
1. Exhaust gas analysis by FT-IR of least square method 
2. 0-Dimensional simulation calculation by CHEMKIN PRO 
3. 3-Dimensional simulation calculation by FORTE 
4. Simplified model calculation. 
 
Two kind of fuel mixtures that consisting PRF (Primary Reference Fuel), and NTF (n-heptane and 
toluene) were used throughout this study. PRF (Primary Reference Fuel) is a fuel that has been 
referred when evaluating octane number. While octane number is a value indicating knock resistance 
of the fuel in the engine. With higher octane number, knocking is less likely to occur. In high-
performance engine, high compression ratio is used to increase thermal efficiency. But then, high 
compression ratio engine with inappropriate fuel component will lead to knocking phenomena that 
cause low output and made the engine damage.  Thus, to avoid this kind of failure, gasoline as the fuel 
that has less prone to knocking is needed and this is called anti-knock properties. Within PRF fuel, 
iso-octane (iC8H18) has high knocking resistance with octane number 100, while n-heptane (nC7H16) 
with low knocking resistance has 0 octane number.  
 In this study, combination of iso-octane (iC8H18), and normal heptanes (nC7H16) of fuel has been 
used. Volume, mass, mole fraction for liquid nC7H16 represent as VH ，MH ，molH respectively and 
same as iC8H18 represent as VO ，mO ，molO respectively while the density and molecular weight for 
n-heptane and iso-octane can be represent as ρH=0.684g/cm3 , ρO=0.69g/cm3, and MH=100.2 ，
MO=114.23. Octane number is defined by the following equation.   
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 NTF is the fuel with a mixture of toluene and n-heptane and (n-heptane/toluene Fuel). For instance, 
NTF10 has the mixing ratio of toluene (at liquid) volume fraction (%). Same as PRF, NTF can be 
manipulated to increase octane number of the fuel. Therefore, a larger operating range is expected 
because of ignition made possible at additional area further than top dead center. NTFX in this paper 
referred to the volume mixing ratio not an indication of octane number of the fuel. Volume, mass, mole 
fraction for liquid nC7H16 represent as VH ，MH ，molH respectively and same as toluene Vt ，mt ，
molt. While liquid density and molecular weight for n-heptane and toluene represent as ρH=0.684g/cm3 ，
ρt=0.867g/cm3と MH=100.2 ，Mt=92. 
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6.2 Exhaust Gas Analysis by FT-IR of Least Square Method  
 Exhaust gas analysis was conducted with the purpose of detection intermediate species from low 
temperature oxidation. Different fuel substance will result in different product from chemical reaction. 
So, we are trying to determine the existence of special product from both PRF and NTF fuel mixture. 
6.2.1 Detection of Special Intermediate Product in PRF (Isobutene) 
Isobutene was actually confirmed by the absorption peak at 870 cm-1, as shown in the lowest panel in 
Fig.6-1. As a branched alkane, iso-octane is expected to produce C3-C4 olefins including isobutene. 
In PRF oxidation, iC4H8 is considered to be produced from iC8H18 as shown in the following reaction 
pathways: 
C 8H 1 7    iC 4H 8+iC 4H 9                                                           (6-3)  
cC 8H 1 7    iC 4H 8+tC 4H 9                                                          (6-4)  
iC 4H 9+O 2    iC 4H 9OO                                                          (6 -5)  
iC4H9OO   iC4H8OOH-t                                                        (6-6)  
tC 4H 9+O 2    tC 4H 9OO                                                          (6 -7)  
tC4H9OO   tC4H8OOH-i                                                        (6 -8)  
iC4H8O2H-t   iC4H8+HO2                                                        (6-9)  
tC4H8O2H-i   iC4H8+HO 2                                                        (6-9) 
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Fig. 6-1 FT-IR spectra of exhaust from PRF 50 (φ=0.25, Tin=406.5K) 
where a denotes a radical site at a methyl group of (CH3)3-C, c denotes a radical site at a methyl group 
of (CH3)2-CH, iC4H9 is CH2C(CH3)2, and tC4H9 is C(CH3)3. Namely, iC4H8 is mainly generated from 
β-scission of C8H17-x and C4H8OOH-x-y, the latter of which is also a product of C8H17 β-scission. 
The plenty of β -scission products is a reflection of the iso-octane property being inactive on 
branching chain reactions through isomerization of ROO radicals. 
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6.2.2 Detection of Special Intermediate Product in NTF (Benzyldehyde) 
It was expected by the NTF oxidation model that C6H5CHO (benzaldehyde) and C6H5OH (phenol) 
are formed as products from toluene. From fig. 6-2, we can see that no benzyldehyde could be detected. 
In this study, C6H5CHO was detected by the characteristic absorption at 1710-1740 cm-1 after a 
procedure eliminating superimposed absorption of other aldehydes from raw FT-IR spectrum as seen 
in fig. 6-4. The concentration was calibrated with a standard sample of 0.1% C6H5CHO.  
 
Fig. 6-2 FT-IR spectra of exhaust gas (NTF10, intake temperature = 403.5 K，φ=0.35) and standard 
samples (nC7H16，C6H5CH3，CO2，CO，HCHO，CH3CHO，C2H3CHO，C3H7CHO，C2H4， 
CH3OH and HCOOH) (VARICOMP engine CR=8). 
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Fig. 6-3 Spectrum of reference C6H5CHO. 
 
Fig. 6-4 Spectrum of reference aldehyde’s. 
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Fig. 6-5 Comparison of spectra in the region of C6H5CHO. Solid line is a corrected spectrum from 
NTF70 exhaust, and dotted line is from standard sample of 0.01% C6H5CHO. 
 
 From fig. 6-5 pattern of benzyldehyde spectrum can be detected from NTF70 exhaust sample. This 
proves the existence of benzyldehyde as special product from toluene oxidation. 
6.3 Exhaust Analysis towards Fuel Dependency 
Octane Number (ON) dependence of fuel consumption and intermediate production yield in PRF are 
shown in fig. 6-6. Here, the production yield is scaled relative to consumed quantity of fuel. 
Consumption of both fuel components decrease with increasing ON. HCHO yield tend to increase 
with increasing ON, whereas those of HCOOH and CH3OH are almost independent of ON. HCHO 
production pathways in PRF50 are shown as follows: 
CH3O+O2  HCHO+HO2                  [18.6%]                                  (6-10)                                     
CH3O (+m)  HCHO+H (+m)         [17.8%]                                 (6-11)                      
CH2CHO+O2  HCHO+CO+OH       [9.7%]                                  (6-12)                                
CH2OH+O2  HCHO+HCHO          [8.3%]                                 (6-13)                                     
CH3COCH2O  CH3CO+HCHO       [7.8%]                                  (6-14) 
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While HCHO determination pathways are as follow: 
HCHO + O2  HCO + H2O                                    (6-15) 
HCO + O2  HO2 + CO                                      (6-16) 
HO2 + HO2 H2O2 +O2                                                             (6-17) 
 
CH3O is formed through a variety of pathways and an example is [6-22]: 
 
CH3COC2H4  CH3CO+C2H4                                                   (6-18) 
CH3CO  CH3+CO                                                           (6-19) 
CH3+O2  CH3OO                                                            (6-20) 
CH3OO+HO2  CH3OOH+O2                                                  (6-21) 
CH3OOH  CH3O+OH                                                        (6-22) 
 
Fig. 6-6 Species mole fractions as a function of Octane rating of PRF. (Φ = 0.33，Tin = 403.5K)  
Ketonic radicals of different carbon numbers can be sources of CH3O through similar pathways. 
CH3 can also be formed via β-scission of alkyl radicals.n-heptane tends to form C7 ketoalkylperoxide 
through isomerization of RO2 species, and finally contribute the HCHO forming process. In contrast, 
iso-octane tends to cause β-scission forming iC4H8 + C4H9 or CH3 + C7 olefin. The fragment C4H9 also 
proceeds to the HCHO forming process.   
Yield of C2H4 decreases with increasing ON, which means iso-octane produces less C2H4. Olefin 
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species are products of β-scission of hydrocarbon radicals, but C2H4 is specific to straight chain alkane 
like n-heptane. Iso-octane, as a branched alkane, preferably produces C3-C4 olefins including 
isobutene.  
In the case of NTF as shown in fig. 6-7, n-heptane consumption decreases when toluene content is 
over 40%, but the extent is less than that of PRF. Toluene consumption does not decrease until the 
maximum toluene content of the current experiments. FT-IR measurements were not conducted for 
NTF90 and NTF100, because any heat release was not observed. The disappearance of fuel 
consumption over NTF80 is supported by another experiment (sampling method). On the other hand, 
HCHO yield decreases with increasing toluene content, probably because of fewer yield from toluene. 
This phenomenon can be observed from fig. 6-8 where C6H5CHO yield increases with increasing 
toluene percentage but negligible to be compared with HCHO yield. On C6H5CHO, the product yield 
increases with increasing toluene content in a quadratic manner. The production pathways of 
C6H5CHO extracted from the model are shown in fig. 6-9. 
 
Fig.6-7 Fuel consumptions and product yields as a function of toluene % in NTF  
(Φ = 0.5，Tin = 403.5K). 
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Fig. 6-8 HCHO and C6H5CHO yield production 
 
 
Fig.6-9 Product reaction pathways from toluene 
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 There is a self-reaction of C6H5CH2OO + C6H5CH2OO in the main pathway forming C6H5CHO, 
which is the reason of the quadratic yield against toluene concentration. Possible causes for the 
disagreement of C6H5CHO yield are product branching of H abstraction from toluene for C6H5CH2 vs. 
C6H4CH3, rate and product branching of C6H5CH2OO + C6H5CH2OO, and product branching of 
C6H5CH2O decomposition to C6H5CH2OH vs. C6H5CHO. 
 
6.4 0-Dimensional (CHEMKIN PRO) Simulations Data 
 
6.4.1 IC Engine Model Study 
 
Chemical kinetics calculations with CHEMKIN PRO makes easy as being explained in chapter 4. 
So, we have managed to simulate combustion in PRF and NTF in hot flame suppressed condition. In 
this study, we tried to simulate LTO by using IC engine model from CHEMKIN PRO. Same 
condition with our experimental apparatus by was set up with compression ratio of 8, engine 
cylinder clearance volume of 77.249579 cm3, and equivalence ratio for this simulation is 5.0   
 
 
Fig. 6-10 Parameters for IC engine model in CHEMKIN PRO. 
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Fig. 6-11 shows temperature profiles while fig. 6-12 shows pressure profiles of NTF 10-70. From 
these two graphs we can conclude that by increasing of toluene percentage in the fuel component, 
maximum temperature and pressure are decreasing.  
 
 
Fig. 6-11 Temperature profiles of NTF fuel with various temperature and equivalence ratio 5.0  
 
 
Fig. 6-12 Pressure profiles of NTF fuel with various temperature and equivalence ratio 5.0  
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Fig. 6-13 shows OH production graph for NTF fuels. From the graph, by increasing toluene 
percentage, OH production decrease as predicted by toluene character that has least OH production. 
OH as the middle product that propagates high temperature oxidation decrease by increasing toluene 
percentage.  
 
 
Fig. 6-13 OH production graph by mean of toluene percentage with various temperature and 
equivalence ratio 5.0  
 
In fig. 6-14 shows production of aldehyde product of HCHO. From the graph of formaldehyde 
HCHO, as increasing of toluene percentage, HCHO production decrease.    
 
 
Fig. 6-14 HCHO production graph by mean of toluene percentage with various temperature and 
equivalence ratio 5.0  
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From these data, we tried to compare with experimental result by applying these equations: 
 
 
 
                
                                                           (6-23) 
 
 
 
                
 
                                                           (6-24) 
 
These equation are derived from the following graph in fig. 6-15 which shows each symbol 
respectively.  
 
 
Fig. 6-15 CHEMKIN data for NTF50 with equivalence ratio= 0.5 and intake temperature= 414K  
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6.5 Analysis of 3-Dimensional Simulation  
 
3-Dimensional Simulation through FORTE Software was done in the mission of further analysis 
of Low Temperature Oxidation in HCCI mode engine. Various parameters was looked upon in this 
study as shown below; 
 
1. Ignition Timing Dependency 
2. Temperature and Species Distributions 
3. The effect of engine speed towards flow inside combustion chamber 
 
In this study, Port Injected SI Engine TDC mesh (fig. 6-16) was used with calibration same as 
varicomp engine parameter that used in experimental work. Simulation condition is summarized in 
table 6-1 
 
Fig. 6-16 Port Injected SI Engine TDC Mesh 
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Bore x Stroke     𝟗. 𝟐𝟖𝒄𝒎 𝒙 𝟖. 𝟓𝒄𝒎 
Displacement Volume   𝟒𝟒. 𝟏𝒄𝒎𝟑 
Connecting Rode Length  𝟏𝟒. 𝟒𝟗𝟐𝟓𝒄𝒎 
Port Location   Intake Port (Global Origin);  
X= 6.0, Y= 2.0, Z= 5.0  
Exhaust Port (Global Origin):  
X= -4.0, Y= 2.0, Z= 2.0   
Cycle type    4-stroke 
Wall Temperature  385.0 K (constant)   
Heat Transfer Model   Han and Reitz   
Turbulence Model   RNG k-ɛ model [6].   
Valve Direction (Exhaust and Intake) Spherical 
coordination system;  
θ= 199°, φ= 0.0° 
  
Flow Type Tumble 
Mesh  Size= 0.32cm 
Number of Mesh= 75581 
Table 6-1 Simulation Condition. 
 
Fig. 6-17 shows comparison of temperature profiles between CHEMKIN and FORTE, in which 
average in the cylinder is taken for FORTE. Fuel is n-heptane with 0.5 equivalence ratio. For FORTE 
calculation, 403.5K was used as intake temperature to simulate the real experimental work with our 
engine. FORTE shows earlier temperature rise compared to CHEMKIN results. There may be a 
number of reasons for this difference, such as dimensionality of the calculation, heat transfer from 
intake port and cylinder wall included only in FORTE as CHEMKIN is limited to non-dimensional 
calculation.  
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Fig. 6-17 Temperature Profiles in Simulation Platforms 
6.5.1 Temperature and Ignition Timing Dependency 
Fig. 6-18 shows cool stage and final ignition timing as a function of toluene content in NTF, 
obtained by FORTE. Low temperature heat release (LTHR) of cool ignition stage occur in the lower 
range of toluene content.  
Since LTHR advances the final hot ignition, there is a large difference in ignition timing between 
the ranges of LTHR and no LTHR. The trend is consistent with the experimental and modeling 
observation (3-dimensional simulation) of composition change during the low temperature oxidation.  
Nevertheless, there is a different in 0-dimensional simulation as shown in fig. 6-19 as there are 
LTHR in high toluene percentage. We have conclude that LTHR in high toluene percentage in 0-
dimensional simulation as imaginary heat release as the heat release are too small. 
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Fig. 6-18 Ignition Timing vs. Toluene Percentage in NTF (3-Dimensional Simulation) 
 
Fig. 6-19 Ignition Timing vs. Toluene Percentage in NTF (0-Dimensional Simulation) 
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6.5.2 Rate of Heat Release Study in Various Dimensionalities 
 In this study, we have been using two kinds of simulation to be compared with experimental result 
which are 0-dimensional simulation by CHEMKIN PRO and 3-dimensional simulation by FORTE. 
The different between these methods can be seen from heat release shown in fig. 6-(20~22).  
The difference in the width of the peak for heat release shows the difference of dimensionality 
between 0-D and 3-D simulation. Broder Profile is observed in both 3-D and experimental result. 
Other than that, heat release timing is also differed due to difference in valve timing that needs 
improvements. 
 
Fig. 6-20 Rate of Heat Release Graph in n-heptane fuel with intake temperature＝ 403.5K  
and φ＝0.3 
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Fig. 6-21 Rate of Heat Release Graph of 3-Dimensional Simulation of n-heptane fuel with intake 
temperature＝ 403.5K and φ＝0.3 
 
 
Fig. 6-22 Rate of Heat Release Graph of 0-Dimensional Simulation of n-heptane fuel with intake 
temperature＝ 403.5K and φ＝0.3 
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6.5.3 Temperature Distribution inside Cylinder  
Homogeneity of a system is determined by its temperature or substance condition which has similar 
state or condition inside combustion chamber. This study which concentrate on analysis of HCCI mode 
engine at hot ignition suppressed condition need to obtain homogenous condition at LTO. From fig. 
6-23, temperature distribution shows similarity in contour distribution inside combustion chamber thus 
proven homogeneity throughout low temperature oxidation in the system. 
 
Fig. 6-23 Temperature distribution of n-heptane fuel before and after low temperature oxidation 
Before LTO (-28.95 CAD) 
 
After LTO right before Hot Ignition (-22.90CAD) 
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6.5.4 Species distribution inside Low Temperature Oxidation 
 
Low temperature oxidation is highly affected by chemical reaction between middle products from 
the fuel and oxygen. Because of that, it is vital to look into the combustion chamber at the moment of 
before, during, and after low temperature oxidation. Formaldehyde HCHO is one of the middle product 
from aldehyde group known to has important in hot preparation region as explained in the first chapter 
reaction 1-2. Because of that, it is decided to analyze the development of HCHO throughout low 
temperature oxidation in the combustion chamber. Following figures will explain how HCHO develop 
according to crank angle degree in the function of HCHO species density from the perspective of XY 
cross plane. 
 
 
Fig. 6-24 Right before LTO at -28.95 CAD, 749.22K 
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Fig. 6-25 LTO start at -27.98 CAD, 831.92 K. 
 
From the fig. 6-24 and 6-25, it is clearly showed that LTO start to take place in the combustion 
chamber and HCHO mainly produced at the center of combustion chamber at -27.98 CAD. After that, 
HCHO spreads towards piston wall at -26.90 CAD leading to its consumption at -22.91 CAD where 
HCHO s consumed homogenously from the center if combustion chamber. Finally, HCHO is fully 
consumed at -21.92 CAD just after hot ignition happened. 
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Fig. 6-26 HCHO spreads towards wall at -26.90 CAD, 906.12K. 
 
 
Fig. 6-27 Before Hot Ignition at -22.91CAD, 1084.96K. 
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Fig. 6-28 After Hot Ignition at -21.92CAD, 2242.88K 
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6.5.5 Flow Effect towards Low Temperature Oxidation. 
 
Line probes were scattered within the combustion chamber mesh in FORTE 3D to observe the 
effect of flow inside combustion chamber towards low temperature oxidation. From fig. 6-29 and 
enlargement in 6-30, it is clear that flow effect does not give big impact in LTO period in this 
calculation data as the effect of chemical reaction because of the piston speed is just 1.7 (m/s) (600rpm). 
 
 
Fig. 6-29 Turbulence velocity in each line probe for n-heptane fuel with φ＝0.5 
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Fig. 6-30 Turbulence velocity in each line probe for n-heptane fuel with φ＝0.5 (enlargement 
around LTO region) 
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6.6 Review on LTO between LLNL and SAKAI Model 
Fig. 6-7 shows that 0D and 3 D simulations have stronger toluene effect that experimental observed. 
There are low reaction models that can be used for NTF, i.e., LLNL 2011 [73] and Sakai 2009 [79]. 
LLNL 2011 was used in the current simulation. Formerly Sakai 2009 was used in our simulation and 
better agreement with experiment has been obtained [80, 81]. 
As described in the previous section, fuel + OH reactions are important for the mixing effect to 
LTO.  As shown in fig. 6-31, LLNL model has higher rate constant of n-heptane + OH compared to 
SAKAI model, although toluene + OH are identical between those models.   
We have tried to modify LLNL model of n-heptane + OH reactions by replacing them with those of 
Sakai model. This modification has successfully decreased the toluene effect in LLNL model’s 
simulation result as shown in fig. 6-7 and 6-32. 
 
Fig. 6-31 Arrhenius Equation result of reaction constant between LLNL and SAKAI model. 
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Fig. 6-32 CHEMKIN PRO simulation result of fuel consumption and formaldehyde production 
between LLNL model and Modified LLNL model. 
 
6.7 Model Calculation 
 
6.7.1 Discussion with simplified model 
 
The low temperature oxidation mechanism of hydrocarbons consists of complicated reactions such as 
H-abstraction, O2-addition, isomerization, second O2-addition, decomposition and branching passes. 
Here, the oxidation mechanism of a mixture of n-heptane (base fuel) and iso-octane or toluene (second 
fuel) is expressed in a summarized manner as: 
 
nC7H16 + OH  bOH + bHCHO + other products              (6-25) 
  
iC8H18 (or C6H5CH3) + OH  sOH + sHCHO + other products      (6-26) 
 
Where αi is the reproduction index of OH from species i, and βi is the production yield of chain 
terminating intermediate represented by HCHO from species i. There are products that absorb OH 
other than HCHO, but they are included in the group of “HCHO”. Other products are regarded as 
unreactive during the course of low temperature reaction. Differential equations governing time 
evolution of relevant species are described as: 
 
0 20 40 60
0
0.2
0.4
0.6
0.8
NC7H16 (Modified)
C6H5CH3 (Modified)
HCHO (Modified)
NC7H16 (LLNL)
C6H5CH3 (LLNL)
HCHO (LLNL)
pr
od
uc
ti
on
 o
r 
co
ns
um
pt
io
n
toluene content [%]
112 
 
],OH][HC[
]HC[
167
167
bk
dt
nd
  (6-27) 
],OH][[
][
subfuelk
dt
subfueld
s
 (6-28) 
][)1-(]HC[)1-{(
]OH[
167 subfuelkk
dt
d
ssbb   ],OH]}[HCHO[- ak
 (6-29) 
][]HC[{
]HCHO[
167 subfuelkk
dt
d
ssbb  
 ],OH]}[HCHO[- ak                     (6-30) 
 
where ki is the rate constant of species i with OH, and the subscript a denotes aldehyde. 
Above equations can be translated into a form in which the independent variable is percentage 
consumption of base fuel x as: 
 
dys = - (g1ys/(1 - x))dx                                                          (6-31) 
dya = (βｂ + βsys/(1 - x) - g2ya/(1 - x))dx                                            (6-32) 
dyoh = ((αｂ - 1)+( αs - 1)g1ys/(1 - x) - g2ya/(1 - x))dx                                  (6-33) 
 
where ys is the remaining amount of second fuel (relative to initial amount of base fuel, and so forth), 
ya is the accumulated amount of aldehyde, yOH is the amount of OH, g1 = ks/kb and g2 = ka/kb. αb of low 
ON fuel is necessarily exceeding unity, but αs may differ. When initial overall OH reproduction index 
is over unity, the OH concentration increases with repetition of the reaction chain. According to 
decrease in fuel and increase in the OH consuming aldehyde, the slope OH increase gradually reduces, 
turns into decrease, and finally the chain system is terminated. The point of termination is represented 
by the overall OH reproduction index = 1. 
 The parameters used for PRF are kb/ks = 1.85, αb= 2, αs= 1.14, βb= 1.6 and βs= 1.6. They were obtained 
by analyzing the existing PRF mechanism [74, 56]. Those for NTF are kｂ/ks = 5, αb= 2, αs= 0, βｂ= 
1.6, βs= 0, a part of which was assumed by overlooking the toluene oxidation mechanism [76]. 
 From the reaction rate given by each model from fig. 6-33, fuel consumption according to the 
parameter used can be explained quantitatively from fig.6-34. Rate constant for n-heptane + OH was 
the largest followed by iso-octane and the least was toluene + OH. From fig. 6-34, n-heptane + toluene 
experimental results seems polarized between 0.4-0.6 for toluene and between 0.6-0.8 for n-heptane.  
The courses of integration for PRF0, PRF50 and NTF50 are shown in fig. 6-(35~37); respectively 
composition at the point of termination is summarized for PRF and NTF in fig.6-38 and 6-39, 
respectively. These calculations successfully reproduce the experimentally observed tendency, i.e., 
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toluene consumption is less than those of n-heptane and iso-octane, the effect of reducing n-heptane 
consumption is less in toluene than that in iso-octane, and aldehyde production reduces with increasing 
toluene content. 
 
 
Fig. 6-33 Graph of rate constant between reaction model 
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Fig. 6-34 Sub-fuel consumption according to base fuel (n-heptane) consumption 
 
 
Fig. 6-35 Modeled evolution of chemical composition in LTO of PRF0. 
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Fig. 6-36 Modeled evolution of chemical composition in LTO of PRF50. 
 
 
Fig. 6-37 Modeled evolution of chemical composition in LTO of NTF50. 
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Fig. 6-38 Model results of fuel consumption and formaldehyde production at the end of low-
temperature chain reaction in PRF compression as a function of octane number. 
 
 
0 20 40 60 80 100
0.2
0.4
0.6
0.8
1
Octane number
p
ro
d
u
c
ti
o
n
 o
r 
c
o
n
su
m
p
ti
o
n  n-heptane
 iso-octane
 [HCHO]/[Fuel]0
0 20 40 60 80
0
0.2
0.4
0.6
0.8
1
toluene content [%]
p
ro
d
u
c
ti
o
n
 o
r 
c
o
n
su
m
p
ti
o
n  n-heptane
 Toluene
 [HCHO]/[Fuel]0
117 
 
Fig. 6-39 Model results of fuel consumption and formaldehyde production at the end of low-
temperature chain reaction in NTF compression as a function of toluene content. 
 
LTO disappearance at NTF80 shown in fig. 6-39 can be explained as below, 
The OH rate as equations (6-26) is rewritten for NTF as, 
d(OH)
dt
=  {(𝛼𝑏 − 1)𝑘𝑏(𝑪𝟕𝑯𝟏𝟔) + (𝛼𝑠 − 1)𝑘𝑠(𝑪𝟔𝑯𝟓𝑪𝑯𝟑) − 𝑘𝑎(𝑯𝑪𝑯𝑶)}[𝑶𝑯]             ( 6 - 3 3 ) 
At x=0 (t=0), [C7H16] = [C7H16]0, [C6H5CH3] = [C6H5CH3]0, and [HCHO] = 0 
Assume that αb=2, αs=0, kb/ks=5. Therefore, 
d[OH]
dt
|
𝑥=0
=  {𝑘𝑏[𝑪𝟕𝑯𝟏𝟔]0 −  𝑘𝑠[𝑪𝟔𝑯𝟓𝑪𝑯𝟑]0}                                      ( 6 - 3 4 ) 
d[OH]
dt
|
𝑥=0
= 0  when 
𝑘𝑏
𝑘𝑠
=
[𝑪𝟔𝑯𝟓𝑪𝑯𝟑]0
[𝑪𝟕𝑯𝟏𝟔]0
 = 5  
 
At this high percentage of toluene, the chain reaction does not start from the beginning, so that 
LTO heat release does not occur. This is in agreement with the experimental observation. On the 
other hand, the condition of LTO disappearance is not established in any mixing ratio of PRF, 
because iso-octane has the property of OH reproduction although it is less than that of n-heptane. 
To summarize the mixing effect of high ON fuel to n-heptane ignition property, toluene acts as a 
simple dilution agent, since the toluene-OH reaction rate is slow and the OH reproduction index is 
very low. In contrast, iso-octane takes considerable OH produced by n-heptane by the comparable rate 
constant with OH, but the deactivating effect is partly compensated with the OH reproduction by iso-
octane. 
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Fig. 6-40 Graph comparisons between model calculation and experimental result in NTF50. ( Intake 
temperature for experiment= 403.5K, equivalence ratio ø=0.5) 
Then, we managed to make one graph of comparison between model calculation data and 
experimental result in fig.6-40. Through this graph, model calculation could match the trend in 
experimental result but not simulation result due to strong toluene effect.  
Nevertheless, simplified model could not match experimental result quantitatively as it just 
manipulated the value of mole in the simplified model represented as α and β. Many other parameters 
such as temperature and pressure did not being considered in model calculation while it has big 
influence to the whole reaction. In addition, aldehyde group as being represented by HCHO in model 
calculation also shows that it has higher magnitude of production as being compared to experimental 
result that only considered HCHO itself. Anyhow, model calculation data shows trend resemblance 
with the experimental results. Further research in the future is needed to improve this data so that it 
can be reference for comparison fuel combustion simulation and fuel combustion experiment. 
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6.8 Activation of H2O2 Loop Reaction in LTO 
 
 In this study, we have found some interesting phenomena from experiments with hot ignition 
suppressed condition. Two stage of low temperature oxidation was observed in both experimental and 
simulation result. Because of that, we have decided to make further analysis to this phenomena. 
 
6.8.1 Experimental and Simulation Result with Two Stage of Low Temperature Oxidation 
   
 Experiment using n-heptane as fuel with various equivalence ratio were done with hot ignition 
suppressed condition as shown in fig. 6-41. From the experimental result shown in fig. 6-42, two peak 
of heat release which shows the occurrence of two stage of LTO could be observed.  
 
 
Fig. 6-41 Pressure Profile comparison between different values of equivalence ratio 
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Fig. 6-41 Rate of Heat Release Profile comparison between different values of equivalence ratio 
 
 
Fig. 6-42 Temperature profiles in n-heptane with various intake temperature  
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This phenomenon can be simulate in both 0-D and 3-D simulation by using IC engine model in 
certain parameter. Parameter of the IC engine model in CHEMKIN PRO was set up with compression 
ratio of 8, engine cylinder clearance volume of 77.249579 cm3, and equivalence ratio for this 
simulation is φ= 0.3. Intake temperature was manipulated within the range of low temperature 
oxidation (403.5K〜406.0K) as shown in fig. 6-42. Heat Release profile from fig. 6-43 clearly shows 
the occurrence of two LTO. Two points where LTO starts are taken into consideration for further 
analysis. 
 
 
Fig. 6-43 Rate of Heat Release Profile in n-heptane fuel with various intake temperature 
 
Fig. 6-44 shows pressure vs temperature profile in 0-D simulation. From the fig, it is shown that first 
sudden change of the slope in compression stroke are considered as first LTO while the second LTO 
happen in the expansion stroke region where temperature and pressure are low. Based on fig. 6-45, we 
tried to analyze reaction path at 0.0284 s to find the reaction that affect the occurrence of 2nd stage 
cool ignition. 
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Fig. 6-44 Pressure vs Temperature at intake temperature 403.5K 
 
 
Fig. 6-45 Pressure and Heat Release vs Time (intake temperature = 403.5K) 
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6.8.2 Chemical Reaction Pathway Analysis 
 
As we know, formaldehyde (HCHO) and hydroxyl radicals (OH) are known to be two key species 
for the development of oxidation. From reaction path analysis at 0.0284 s where second LTO starts, 
we could prove the reaction path of HCHO towards 2OH that responsible to the second heat release 
as observed in experimental and simulation results. Fig. 6-46 shows the reaction pathway of 
formaldehyde in forming 2OH. Value inside the block is considered as ratio of reaction between main 
pathway and branches. 
Ratio Calculation for main pathway products and side pathway products can be expressed in 
following equation. 
 
Ratio for main pathway =
Main Pathway ROP summation
Main Pathway ROP summation + Side Pathway ROP summation
 
                                                                           (6-34) 
 
Fig.6-46 Reaction Pathway of formaldehyde at 0.0284s 
 
 From fig. 6-46, list of responsible reaction can be summarize as below: 
 
CH2O + OH → H2O + HCO                                                    (6-35) 
HCO + O2 → HO2 + CO                                                       (6-36) 
HCO → H + CO                                                              (6-37) 
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H + O2 → HO2                                                              (6-38) 
HO2 + HO2 → H2O2 + O2                                                     (6-39) 
H2O2 → 2OH                                                               (6-40) 
CH2O + HO2 → H2O2 + HCO                                                  (6-41) 
HOCH2O → CH2O + OH                                                      (6-42) 
CH2O + O2HCO → HCO + HO2CHO                                            (6-43) 
 
From reaction path analysis shown in figure 6-46, we could assume that the reaction path of HCHO 
towards H2O2 finally producing 2OH is responsible to the second heat release. Values inside the boxes 
represent branching ratios of each reaction while values without boxes are the reaction rates. 
 
6.8.3 Formaldehyde as the key species in LTO  
 
From reaction pathway analysis, reaction rate analysis was done to analyze reaction rate of each 
responsible reaction in the forming OH that leads to second LTO. Fig 6-47 and 6-48 (enlargement) 
shows the sensitivity of formaldehyde as reactants. From the graph, we can see that reaction (6-35) 
have the highest sensitivity compared to other reactions. Reaction rate of formaldehyde + OH 
decreases as the first LTO finishes and start to increase again just before second LTO happens. Other 
reactions also shows same trend as shown in fig. 6-48 although too small. 
 
 
Fig. 6-47 CH2O Reaction Rate Sensitivity in n-heptane fuel (intake temperature= 403.5K) 
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Fig. 6-48 CH2O Reaction Rate Sensitivity in n-heptane fuel (intake temperature= 403.5K with y-axis 
enlargement from fig. 6-47) 
 
Formaldehyde (HCHO), hydrogen peroxide (H2O2) and hydroxyl radicals (OH) are known to be key 
species for the development of oxidation. Figure 6-49 shows the mole fraction of HCHO and H2O2 
obtained by simulation. The partial consumption of HCHO increases with increasing heat of the 
second LTO. 
 
Fig. 6-49 Simulated HCHO and H2O2 production in n-heptane fuel with different values of 
equivalence ratio. 
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strongly indicates the existence of the HCHO consuming reaction with the second heat release, 
although they vary in a complex manner with equivalence ratio. It is likely that the irregular 
behavior is due to experimental fluctuation, so that further investigation on the repeatability is 
necessary. 
 
 
Fig. 6-50 Experimental result for production yield of HCHO and consumption rate of nC7H16 in n-
heptane fuel, compared with accumulated second heat release. 
 
 
Fig. 6-51 Simulation data result for production yield of HCHO and consumption rate of nC7H16 in n-
heptane fuel, compared with accumulated second heat release.   
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Chapter 7 
Conclusions 
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In this study, experimental work was supported by 0-dimensional simulation and 3-dimensional 
simulation in objective to study fundamental of combustion in low and high temperature oxidation 
inside HCCI mode engine. From the analysis, following conclusions could be observed. 
  
Percentage fuel consumption is nearly independent of equivalence ratio for all tested fuel mixtures. 
Production yield of HCHO increases with increasing iso-octane/n-heptane ratio, whereas it decreases 
with increasing toluene/n-heptane ratio. HCHO is a product of ketoalkylperoxide decomposition 
common to n-heptane and iso-octane. However, benzyl radical from toluene does not proceed such 
way because of the firmness of its aromatic ring. Iso-octane produces more HCHO and less C2H4 than 
n-heptane, whereas toluene produces less HCHO and C2H4 than n-heptane. Fuel consumption 
decreases with increasing toluene/n-heptane ratio although it’s weak. It is because toluene has lower 
rate constant with OH, so that toluene barely interrupts the OH reproducing chain reaction of n-heptane. 
 
Fuel consumption decreases with increasing iso-octane/n-heptane ratio, but the effect is weaker for 
toluene/n-heptane ratio. It is because toluene has lower rate constant with OH than that iso-octane, so 
that toluene barely interrupts the OH reproducing chain reaction of n-heptane. Toluene also produces 
less HCHO and OH. OH was mainly being produced rapidly at high temperature region where the 
main combustion is located. Although there are many OH reaction can be found at the initial reactions, 
the rate of production was too small to be considered. With this study, we found that toluene molecule 
structure has double bond needs high energy to break for oxidation. Therefore, high temperature and 
pressure are needed to break the bond. 
 
By changing LLNL model of n-heptane + OH reactions parameters according to SAKAI model, 
more reliable data result can be obtained for comparison with experimental data. Meanwhile, 
comparison between CHEMKIN and FORTE calculation shows distinctive difference due to the 
difference in dimensionality of the calculation, heat transfer from intake port and cylinder wall 
included only in FORTE.  
 
The trend in ignition timing in FORTE calculation is consistent with the experimental and modeling 
observation of composition change during the low temperature oxidation. Temperature distribution 
analysis shows homogeneity of the system thus proves reliability of 3-dimensional simulation result 
for further analysis. From the trend of HCHO production and consumption, both LTO and HTO 
happened quite homogeneously from the center of combustion chamber. Nevertheless, further 
recalibration in simulation work are needed to get more reliable in comparing variable parameters. 
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In the case of simplified model, model calculation could not match experimental result as it just 
manipulated the value of mole in the simplified model represented as α and β. Many other parameters 
such as temperature and pressure did not being considered in model calculation while it has big 
influence to the whole reaction. In addition, aldehyde group as being represented by HCHO in model 
calculation also shows that it has higher magnitude of production as being compared to experimental 
result that only considered HCHO itself.  
 
The occurrence of two stage of low temperature oxidation is mainly caused by the partial 
consumption of HCHO going to 2OH with increasing heat of the second heat release in the region 
expansion stroke where low temperature and pressure. This prediction has been proved by simulation 
calculation for HCHO yield production at the end of LTO reaction. In order to justify this prediction 
experimental works toward proving the main cause of the second LTO is needed. 
 
Anyhow, model calculation data shows trend resemblance with the experimental results. Further 
research in the future is needed to improve this data so that it can be reference for comparison fuel 
combustion simulation and fuel combustion experiment. 
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Appendix 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.7-1 VARICOMP Engine general view 
 
 
Fig. 7-2 Fuel pump power supply is removed 
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Fig. 7-3 Control system wiring diagram 
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